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Highly technological applications and scarcity of supply have inspired the 
recovery of rare earth elements (REEs) from various resources. Many rare earth 
phosphate mineral concentrates are associated with fluorapatite (FAP). An acid pre-leach 
is required to selectively leach the FAP fraction as calcium salts, phosphoric acid and 
hydrofluoric acid prior to the sulphuric acid digestion to avoid the interference of calcium 
and other impurities in the downstream processing steps of the acid baked product, rich 
in REEs. Hence, investigation of the dissolution kinetics of FAP and solubility of trivalent 
rare earth metal ions and other major and minor impurities in different acid-sulphate 
solutions systems are important areas of current research.  
This thesis focused on (i) the solubility of REEs using pure perchlorate/sulphate 
and mixed RE-carbonate salts in acid-salt mixtures and synthetic process liquors and (ii) 
dissolution kinetics of phosphate, fluoride and major, minor and trace metal ions from a 
rotating disc of FAP and particles of FAP and a RE-phosphate concentrate.  The strong 
and weak acids tested included perchloric, hydrochloric, sulphuric, nitric and phosphoric 
acids as well as weak organic acids. The feed materials, leach liquors and residues were 
characterized using standard analytical methods and the results were explained on the 
basis of reaction stoichiometry, equilibria and kinetic models.  
The main findings from the solubility studies are: (i) the precipitation of hydrated 
RE(III)-sulphate and Na-RE(III)-sulphate salts in different solution media, (ii) the 
formation of sulphate complexes of RE(III), aluminium and iron(III) based on Raman 
spectroscopic studies, and (iii) the negative impact of high pH and high temperature on 
the solubility of REEs in sulphate media. The rotating disc dissolution of FAP and particle 
leaching of FAP and RE-phosphate concentrate highlighted that the FAP dissolution is 
affected by the proton activity and the association of calcium ions with anions to form 
iv 
 
complex species and insoluble product layers, which in turn affect the diffusion or 
chemically controlled dissolutions of cations and anions from FAP and the phosphate 
concentrate. The comparative study based on different acid concentrations, temperatures 
and pulp density showed the advantages of using phosphoric acid for pre-leaching FAP 
from the phosphate concentrate to minimize REE leaching.  
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TGA Thermogravimetric Analysis 
TISAB Total ionic strength adjustable buffer  
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The elements in the lanthanide series of the periodic table and other elements, 
listed in Table 1.1, are considered as rare earth elements (REEs). They can be classified 
into three different categories:  light (LREEs), medium (MREEs) and heavy (HREEs), 
based on their atomic masses. There are many high-grade ores, bearing RE-minerals in 
the form of oxides, carbonates, phosphates and silicates. The most common and largest 
RE-bearing minerals are bastnasite ((Ce,La,Pr)(CO3)F), monazite ((Ce,La,Th,Nd,Y)PO4) 
and xenotime (YPO4). Among these three, bastnasite and xenotime are the highest and 
the lowest in abundance, respectively. These minerals occupy about 95% of the world’s 
REE resources, showing their high economic potential (Gupta and Krishnamurthy, 2005; 
Mineral commodity summaries, 2016; Zhang and Edwards, 2012).  Other high grade REE 
bearing phosphate minerals include florencite ((La,Ce)Al3(PO4)2(OH)6), cheralite 
((Ca,Ce)(Th,Ce)(PO4)2) and britholite ((Na,Ce,Ca)5(OH, F)((P,Si)O4)3). The estimated 
REE content (%, w/w) in phosphate sources in the form of rare earth oxides, is over 8 
million metric tons (Cross and Miller, 1988). Besides the recovery of REEs from high 
grade ores in the form of phosphates, carbonates, oxides and silicates, the recovery of 
REEs from low grade ores (apatite), clays, slags, and secondary sources, such as spent 
batteries and electronic waste, has also been practiced recently using different processing 
approaches, due to the increasing demand, scarcity as well as the need for reducing 




environmental pollution caused by the discarded waste (Fernandes et al., 2013; Jordens 
et al., 2013; Kim and Osseo-Asare, 2012; Kim et al., 2014; Kul et al., 2008; Kuzmin et 
al., 2012; Li et al., 2009; Lister et al., 2014; Moldoveanu and Papangelakis, 2012, 2013; 
Panda et al., 2014; Resende and Morais, 2010; Tunsu et al., 2014; Wang et al., 2010). 
Table 1.1. Classification of rare earth elements 
Classification Rare earth element Symbol Atomic mass (amu) Ionic radii of RE3+ (pm) 
NA Scandium Sc 44.96 68.0 
Light rare earth 
elements (LREEs) 
Lanthanum La 138.90 106.1 
Cerium Ce 140.11 103.4 
Praseodymium Pr 140.91 101.3 
Neodymium Nd 144.24 99.5 
NA Promethium Pm 145.00 97.9 
Medium rare earth 
elements (MREEs) 
Samarium Sm 150.36 96.4 
Europium Eu 151.96 95.0 
Gadolinium Gd 157.25 93.8 
Heavy rare earth 
elements (HREEs) 
Terbium Tb 158.92 92.3 
Dysprosium Dy 162.50 90.8 
Holmium Ho 164.93 89.4 
Erbium Er 167.26 88.1 
Thulium Tm 168.93 86.9 
Ytterbium Yb 173.04 85.8 
Lutetium Lu 174.97 84.8 
Yttrium Y 88.90 88.0 
NA = classification as LREEs, MREEs and HREEs is not applicable due to; scandium - much smaller ionic 
radius than any of the other REEs, promethium - radioactive with no stable isotopes and does not occur with the other 
REEs (Gupta and Krishnamurthy, 2005; Hatch, 2012) 
 
There are many high technological applications associated with the characteristic 
electronic, optical and magnetic properties of REEs (Gupta and Krishnamurthy, 2005) 
and some of them are listed in Table 1.2. The global REE reserves and the estimated 
production of oxides are listed in Table 1.3. The estimated global demand of RE-oxides 
has steadily increased by a value of 0.011-0.012 Mt for each year: 0.125 Mt in 2013, 
0.136 Mt in 2014, 0.148 Mt in 2015 and 0.160 Mt in 2016 (IMCOA, 2013). 
Most of the REE deposits can be found in China, America, India, Middle Asian 
nations, South Africa, Australia and Canada (Zhang and Edwards, 2012). China is the 
world’s dominant producer and supplier of REEs with a contribution of 97% of the global 




output. The production and export of REEs were controlled by the Chinese government 
by implementing new policies over the past few years (Morrison and Tang, 2012) and 
hence, a global supply shortage was created. In recent years, the processing of REEs 
became a significant topic of interest in the metal industry due to this shortage and 
increasing demand. Many companies started to develop processing techniques for 
treating rare earth bearing deposits (Jorjani et al., 2011) in order to fill this shortage and 
strengthen the supply. 
Table 1.2. Different applications of rare earth elements 
Rare earth element Applications 
Nd, Pr, Dy, Tb Hybrid and electric vehicles 
Ce, La Catalytic converters 
Nd, Pr, Dy, Tb Wind power generators 
Y, Eu, Tb Compact fluorescent lamps, LEDs 
Nd, Pr, Dy, Tb Hard disk drives 
Y, Eu, Tb, Gd, Pr, Ce Flat panel display screens 
Nd, Pr, Dy, Tb, Y, Eu Medical applications 
Nd, Pr, Dy, Tb, Y, Eu Portable electronics and small motors 
(Gupta and Krishnamurthy, 2005) 
Table 1.3. World RE-oxide production and reserves 
Country 
Estimated RE-oxide Production (Mt) 
Reserves* (Mt) 
2014 2015 
China 105,000 105,000 55,000,000 
Brazil - - 22,000,000 
Australia 8,000 10,000 3,200,000 
United States 5,400 4,100 1,800,000 
India NA NA 3,100,000 
Malaysia 240 200 30,000 
Russia 2,500 2,500 (a) 
Thailand 2,100 2,000 NA 
Other countries NA NA 41,000,000 
Total (rounded) 123,000 124,000 130,000,000 
NA = Not available; * a working inventory of mining companies’ supply of an economically extractable mineral 
commodity; a. included with “other countries”; source: Mineral Commodity Summaries, 2016 




1.2 Rare Earth Phosphate Resources 
Fluorapatite (FAP), Ca5(PO4)3F, is a main subgroup of apatite mineral, 
Ca5(PO4)3(Cl, F, OH). The major component of phosphate rocks (ores) is apatite mineral 
(Binnemans et al., 2013). Fluorapatite is considered as a low grade RE-phosphate mineral 
source due to the replacement of Ca2+ ions by RE3+ ions in the FAP lattice as a result of 
their similar sizes.  The radius of Ca2+ ion is 100 pm and the radii of RE3+ ions, listed in 
Table 1.1, are varied in the range of 84.8-106.1 pm except in the case of Sc3+ ion (Gupta 
and Krishnamurthy, 2005). The REE content in FAP as RE-oxides varies from trace 
amounts to over 10% and hence, it is considered as an important resource of REEs (Gupta 
and Krishnamurthy, 2005). Wang et al. (2010) have reported different REE percentages 
in the range of 0.01%-0.88% in deposits of different origins of phosphate rocks containing 
FAP.  
In addition to the association of REEs in FAP lattice, FAP becomes a host mineral 
for the association of RE-phosphates. Hence, RE-phosphate minerals in nature can be 
classified as (i) FAP free RE-phosphate minerals and (ii) FAP containing RE-phosphate 
minerals.  For example, a RE-phosphate composite ore, found in Nolan’s Bore, Northern 
Territory, Australia is composed of 82% (w/w) fluorapatite, 13% (w/w) cheralite and 3-
4% (w/w) clay with gangue minerals (Mackowski et al., 2011). Cheralite is a form of 








1.3 Production of RE-Phosphate Concentrates (REPCs) 
In addition to the presence of FAP, the presence of other minerals including a 
large number of gangue minerals in RE-phosphate deposits results in a highly complex 
mineralogy. Because of this, direct chemical treatment of ore deposits without separating 
different mineral types may not be worthwhile for high recovery of REEs.  Several 
separation techniques, namely gravity separation, magnetic separation, flotation, 
electrostatic separation and chemical separation are used to produce RE-concentrates 
from phosphate minerals by removing other minerals at the first stage of processing 
(Zhang and Edwards, 2012). The wet gravity separation techniques followed by spirals 
are used to concentrate the heavy minerals up to 80% (w/w) when the content of heavy 
minerals is very low in a heavy mineral sand deposit which contains monazite (Gupta and 
Krishnamurthy, 2005). Mount Weld RE-deposit in Western Australia has monazite, 
cheralite, cerianite ((Ce(IV),Th(IV))O2), rhabdophane ((Ce, La)PO4.H2O), florencite and 
bastnasite as the RE-minerals and their average content is 20% (w/w) as RE-oxides. This 
REE content can be enriched up to 49% using gravity concentration and flotation 
techniques with 35% recovery (Zhang and Edwards, 2012). 
1.4 Chemical Treatments of RE-Phosphates 
1.4.1 Pre-Leach Stage 
In general, FAP containing RE-phosphate ores/concentrates are directed to a pre-
leach stage to selectively leach FAP fraction (Figure 1.1) prior to the acid/alkali digestion, 
discussed later. In contrast, the FAP free RE-phosphate ores/concentrates are directly 
digested without using a pre-leach stage. The phosphate rich residue, obtained after the 
pre-leach stage, is further enriched with REEs due to the removal of FAP fraction and 
other impurities. The pre-leach liquor is mainly rich in calcium, phosphate and fluoride 




ions. Considerable amount of uranium can also be present depending on the uranium 
grade in the original ore sample. Although a selective leaching of FAP is expected, a 
significant amount of REEs may also be leached in to the solution with the FAP fraction, 
especially when strong acids are used. The leached REEs are re-precipitated by adding 
limestone to produce a pre-leach residue and a precipitate, rich in phosphate and REEs.  
 
Figure 1.1. Block diagram of processing steps for enrichment of REEs  
(Gupta and Krishnamurthy, 2005; Nolans project update, 2012) 
 
Using sulphuric acid as the lixiviant in the pre-leach stage becomes problematic 
mainly due to the entrainment of REEs, uranium and thorium in the phosphor-gypsum 
precipitate (CaSO4.2H2O) formed by the reaction between FAP and sulphuric acid. High 
calcium and phosphate leaching can be noticed with hydrochloric and nitric acid pre-
leach (Dorozhkin, 2012; Habashi, 1998; Zafar et al., 2006). As shown in Figure 1.1, the 
pre-leach liquor is subjected to a number of precipitation processes where limestone is 
added to remove fluoride and uranium, and lime or sulphuric acid is added to recover 
phosphate and gypsum products together with pre-leach acid (Nolans project update, 
2012).  The resultant solid is directed to digestion routes (Figure 1.1). 




1.4.2 Digestion Routes 
The chemical reactions involved in acid or alkali digestions are shown in Equation 
1.1 and 1.2.  The acid baking involves digestion with 98% sulphuric acid at a temperature 
around 250 oC and a solid/liquid ratio of 1.0/2.5 for 6 h to convert the phosphates to more 
soluble sulphates (Equation 1.1) which can be leached in water (Vijayalakshmi et al., 
2001). The selected temperature range is 200-220 oC in a general flowsheet, used for acid 
baking of a monazite concentrate, shown in Figure 1.2.  
 
2REPO4 + 3H2SO4 = RE2(SO4)3 + 2H3PO4 (1.1) 
REPO4 + 3NaOH = RE(OH)3 + Na3PO4 (1.2) 
 
A solution of 60-70% (w/w) sodium hydroxide (caustic soda) at the temperature 
range of 140-150 oC is used in the normal industrial practice for the alkali digestion of 
RE-phosphate concentrates (Krumholz, 1957). The RE-hydroxide residue (Equation 1.2) 
can be treated with H2SO4 or other strong acids (HCl or HNO3) to get aqueous solutions 
of REEs such that REEs can be recovered from those solutions. 
 





Figure 1.2. General flowsheet for sulphuric acid digestion of a monazite concentrate 
(Gupta and Krisnamurthy, 2005) 
 
1.4.3 Processing Liquors from Pre-Leach or Digestion 
 The RE-sulphate solutions, obtained from the H2SO4 acid digestion followed by 
water leaching have significant amounts of impurities (sodium, potassium, magnesium, 
calcium, iron, aluminium, thorium and uranium) since they are not completely removed 
at the pre-leach stage. Hence, these solutions are neutralised in the RE purification 
process to remove majority of the remaining impurities (iron, thorium and aluminium) 
and phosphate through neutralisation and precipitation. Following the separation of iron 
thorium precipitate (ITP) and aluminium precipitate, the filtrate is passed through an ion 
exchange resin to remove uranium. Then, the resultant clean rare earth sulphate stream is 
forwarded to the precipitation of RE-carbonates (Nolans project update, 2012) or             
RE-hydroxides as described in Figure 1.2. Likewise, the addition of sodium sulphate to 
the RE-sulphate solutions, obtained from the acid digestion, followed by water leach, 




leads to the precipitation of mixed RE-double sulphate salts (NaRE(SO4)2). Further 
treatment is conducted to recover pure RE-hydroxide compounds as the end product 
(Gupta and Krishnamurthy, 2005).  The separation of individual REEs from mixed         
RE-compounds as well as thorium and/or uranium is generally based on solvent 
extraction (Figure 1.2). 
Several types of processing liquors, namely chloride, nitrate and sulphate can be 
produced by reacting RE-hydroxide residue with hydrochloric, nitric and sulphuric acids, 
respectively. Neutralisation and precipitation, as well as solvent extraction techniques are 
the most prominent techniques used to recover REEs from these liquors in the form of 
RE-chlorides, RE-hydroxides, RE-carbonates, RE-nitrates and RE-sulphates (Gupta and 
Krishnamurthy, 2005). 
1.5 Need for Further Research 
1.5.1 Pre-Leach Residue 
The enrichment of REEs in the solid residue, obtained by selective leaching of 
fluorapatite at the pre-leach stage (Section 1.4.1), is very important to get the maximum 
conversion of RE-phosphate to RE-sulphate at the acid baking stage. The following facts 
are supportive for further research, relevant to the pre-leach stage. 
➢ The precipitation of gypsum, entrained with REEs during the acid baking of the 
fluorapatite containing solid, may cause a major negative impact on the 
solubilities of REEs in sulphate solutions during the water leach stages. 
➢ Although the intention is the selective leaching of fluorapatite, any REEs along 
with other metal ions associated with the fluorapatite lattice are also likely to 
leach. Despite the high leaching efficiencies of fluorapatite, high leaching of 
REEs in HCl and HNO3 (Mckowski et al., 2011) is problematic.  




➢ Sulphuric acid is unsuccessful as a pre-leaching agent due to the precipitation of 
gypsum, leading towards a very low level of calcium removal. 
➢  The two acids H3PO4 and HF, formed during the leaching process of fluorapatite 
with acids such as HCl, HNO3 and HClO4 (Reaction 1.3), can interfere and change 
the leaching efficiency of fluorapatite and other metal ions (REEs and non-REEs) 
through complexation with phosphate and fluoride ions, or precipitation as 
phosphate or other salts. 
 
Ca10(PO4)6F2 + 20HX = 6H3PO4 + 2HF +10CaX2 (X- = Cl-, NO3- or ClO4-) (1.3) 
1.5.2 Water Leach Liquors of Acid Baked Residue 
High concentration of REEs in the sulphate solutions, resulting from acid baking 
followed by the water leach of acid baked residue (Section 1.4.3), facilitates high final 
recovery of REEs. The complex compositions of these RE-sulphate solutions and the 
other factors, described below, justify further investigation on the dependence of the 
solubility of REEs in these solutions on various factors. 
➢ According to Reaction 1.1, RE3+ ions are in a mixture of H2SO4, remaining from 
the digestion, and H3PO4, formed during the digestion. Therefore, change in 
concentration of both H2SO4 and H3PO4 can have major impacts on the 
solubilities of REEs. 
➢ Rare earth sulphate solutions contain a large number of background cations as 
impurities (sodium, potassium, magnesium, calcium, iron, aluminium, thorium 
and uranium) and they may interfere with the solubility behaviour of REEs 
through anion association reactions and/or precipitation reactions. 




➢  The effect of temperature on the solubility of REEs becomes more critical since 
high temperatures have a detrimental effect on the solubilities of RE-phosphates 
and RE-sulphates (Linke, 1965). 
➢ The solubility of REEs varies depending upon the hydration number of the 
precipitated RE-sulphate salts in sulphate media (Linke, 1965). 
1.6 Thesis Objectives 
 A detailed understanding of the dissolution behaviour of the RE and non-RE metal 
ions in process liquors based on stoichiometry, thermodynamics and kinetics of chemical 
reactions involved in leaching and precipitation, will benefit the improvement of the 
existing flowsheets and/or the development of new flowsheets. The main objectives of 
this thesis are: 
(i) to review the mineralogy and flowsheets relevant to the processing of 
ores/concentrates containing fluorapatite and RE-phosphate minerals; 
(ii) to review the solubility of RE-sulphate salts, equilibrium constants, 
thermodynamic and kinetic aspects and factors affecting the leaching and 
precipitation of REEs;   
(iii) to conduct a systematic study on the solubility of RE(III) metal ions, 
predominantly in sulphate media, using pure RE-sulphate salts and mixed      
RE-carbonate salts and to consider the effect of anion by comparing the effect 
of concentrations of sulphuric and phosphoric acids, pH adjusted using 
perchloric acid, and temperature; 
(iv) to examine the effect of the presence of other cations (sodium, calcium, 
aluminium and iron) and the hydration number of the precipitated RE-solids 
on the saturated solubility of REEs; 




(v) to assay and characterise the natural FAP samples, RE-salts, RE-concentrate 
and various solids, formed during dissolution, leaching and precipitation using 
different techniques, namely inductively coupled plasma-atomic emission 
spectroscopy/mass spectroscopy, X-ray fluorescence spectroscopy, X-ray 
diffraction, thermogravimetric analysis, scanning electron microscopy- 
energy dispersive spectroscopy, Fourier transform-infrared spectroscopy and 
Raman spectroscopy; 
(vi) to investigate the evidences from Raman spectroscopy for the cation-anion 
interactions which can affect the solubility of RE-metal ions to assist the 
interpretation of measured solubility data; 
(vii) to investigate the fundamentals of dissolution kinetics of FAP in inorganic 
acids and organic acids using rotating disc studies and to predict and compare 
with the kinetics of particle leaching in batch experiments; 
(viii) to examine the effect of proton activity in different acids such as perchloric, 
hydrochloric, nitric, sulphuric, phosphoric, formic, acetic, oxalic, citric and 
glycine and the anion associations with calcium ions governed by acid 
concentration and temperature to rationalise the dissolution kinetics of FAP 
based on the standard kinetic models; 
(ix) to investigate the dissolution kinetics of RE-metal ions from minerals 
associated with the natural FAP lattice structure and to examine the effect of 
proton activities and different anion associations with RE-metal ions on the 
dissolution kinetics;  
(x) to extend the rotating disc studies to batch leaching of FAP and concentrate 
particles to validate preliminary findings, kinetic models and reactions of 
leaching and precipitation of metal ions (RE and non-RE ions) during leaching 
and solubility studies, useful for improving current flowsheets and proposing 




new lixiviants, processing options, conditions, and flowsheet(s) for the 
treatment of RE-phosphate feed. 






2 LITERATURE REVIEW 
 
2.1 Introduction 
Based on the objectives of the thesis, this chapter briefly summarizes the 
information on occurrence and mineralogy of RE-phosphate ores and methods for 
concentration and characterization. The processing options of fluorapatite and monazite 
concentrates are briefly discussed with the use of flowsheets. Pre-treatment and chemical 
treatment with sulphuric acid, organic acids and alkali are discussed in detail. Solubility 
data and equilibrium constants, relevant to single and double salts of rare earth metal ions, 
are presented along with the solubility product/stability/formation constants of solids or 
complex aqueous species. Analytical techniques such as Raman spectroscopy (RS), 
Fourier transform-infrared spectroscopy (FT-IR) have been useful in the identification of 
solid/aqueous species. A brief background of these techniques and their applications to 
solids and aqueous species, relevant to this thesis, is presented. Other techniques, used in 
assaying and characterization, including inductively coupled plasma-atomic emission 
spectroscopy/mass spectroscopy (ICP-AES/MS), X-Ray diffraction (XRD), scanning 
electron microscopy- energy dispersive spectroscopy (SEM-EDS) and thermogravimetric 
analysis- differential scanning calorimetry (TGA-DSC) are discussed. Some leaching 
results and the leaching kinetics models, which describe the dissolution of metal ions 
from flat surfaces (rotating discs) or sized particles in batch experiments, are also 




presented to highlight their importance in the rationalization of leaching and precipitation 
results. 
2.2 Types of Rare Earth Minerals 
Rare earth elements can be present in nature in the forms of oxides, carbonates, 
phosphates and silicates. The common REE bearing minerals, with their chemical 
formula under each form are listed in Table 2.1.  More than 250 REE bearing minerals 
have been classified under these four types. However, only about 12 of them have an 
economic viability (Zhang and Edwards, 2012). Bastnasite (RE-carbonate mineral), 
monazite and xenotime (RE-phosphate minerals) are considered as the most common 
REE bearing minerals. Their abundance follows the descending order: bastnasite > 
monazite > xenotime. In economic terms, these three minerals play a major role since 
their contribution is about 95% of the world’s REE resources (Gupta and Krishnamurthy, 
2005; Mineral commodity summaries, 2016; Zhang and Edwards, 2012). 
Table 2.1. Types of rare earth minerals 









































(Bauer et al., 2010; Gupta and Krishnamurthy, 2005) 
 




2.3 Rare Earth Phosphate Minerals 
According to Table 2.1, monazite, florencite, xenotime, cheralite and britholite 
belong to RE-phosphate minerals. Cross and Miller (1988) have estimated the REE 
content of phosphate sources to be over 8 million metric tons (as oxides). Among the    
RE-phosphate minerals, monazite and xenotime have higher contents of REEs. The REE 
contents as RE-oxides in these minerals are listed in Table 2.2. Although, the industry 
convention is to use La2O3 and CeO2 (not Ce2O3) for the calculation of total REE content 
as oxide (Bleiwas and Gambogi, 2013), lanthanum and cerium contents in total REE 
content have been expressed as La2O3 and Ce2O3 by Thompson et al. (2011) in this table. 
Light REEs (LREEs) such as La, Ce, Nd and Pr are predominant in monazite, while heavy 
REEs (HREEs) such as Y, Dy, Er and Ho are predominant in xenotime (Peelman et al., 
2014; Thompson et al., 2011). Besides that, monazite has a high content of Th (4-12%) 
as ThO2.  
Beach sand and by-products of the titanium and zircon mineral sand industry are 
the most economic and common deposits of monazite and xenotime (Greedan and Zheng, 
1987). Monazite is mainly contained in coastal placers. Magnetite (Fe3O4), ilmenite 
(FeTiO3), garnet (X3Y2(SiO4)3, X = Ca, Mg, Fe(II) or Mn and Y = Al, Cr or Fe(III)), 
zircon (ZrSiO4), quartz (SiO2) and mica ((XY2–3Z4O10(OH, F)2,  X = K, Na, Ba, Ca, Cs, 
(H3O), (NH4); Y = Al, Mg, Fe(II), Li, Cr, Mn, V, Zn and Z = Si, Al, Fe(III), Be, Ti)) are 
the other mineral types in these deposits. Besides these deposits, monazite can be found 
in weathered crust deposits which have a very complex mineralogy compared to that of 
monazite placer deposits. Monazite, xenotime, fergusonite ((Y, Ce, Nd)NbO4), 
columbite-tantalite (FeNb2O6), microlite ((Na,Ca)2Ta2O6(O,OH,F)) and zircon as 
industrial minerals and large number of associated minerals, including apatite as common 
minerals, occur in weathered crust monazite deposits. 




  Coastal placers, pegmatites, weathered crust and igneous rocks are the places 
where xenotime can be found. In general, it is associated with zircon, magnetite, ilmenite, 
leucoxene (alteration product of ilmenite), limonite (FeO(OH) · nH2O), epidote 
(Ca2(Fe,Al)Al2(SiO4)(Si2O7)O(OH)), tourmaline 
((Na,Ca)(Mg,Li,Al,Fe(II))3Al6(BO3)3Si6O18(OH)4), topaz (Al2SiO4(F,OH)2) and 
scheelite (CaWO4) minerals. In addition to those minerals, feldspar  
(Na,Ca)(Si,Al)4O8, silica, kaolinite (Al2Si2O5(OH)4) and mica are the gangue minerals, 
found in xenotime deposits (Zhang and Edwards, 2012). Monazite is a monoclinic 
mineral and it is in a general form of ABO4 where A = REEs, U, Th, Ca and B = P, Si. 
Cheralite also has the general form of ABO4 with same distribution of REEs and hence, 
it is considered as a monazite group mineral with a high amount of calcium in it (Bowles 
et al., 1980; Mackowski et al., 2011).  
 







Total REE content 
as oxides (% w/w) 
References 
Monazite (Ce,La,Th,Nd,Y)PO4 
La, Ce (30-70)* Thompson et al. (2011) 
La, Ce, Nd, 
Pr, Sm 





Y, Dy, Er, Ho 60-67 Thompson et al. (2011) 





* La and Ce contents in total REE content have been expressed as La2O3 (10-40)% and Ce2O3 (20-30)% by 
Thompson et al. (2011) 
 
2.4 Association of Rare Earth Elements in Fluorapatite 
Although FAP is not a RE-phosphate mineral, most of the RE-phosphate minerals 
are associated with FAP in nature. Ore bodies that are potential REE sources may contain 
FAP in larger quantities compared to other RE-phosphate minerals like monazite (Gupta 
and Krishnamurthy, 2005). The association of monazite and cheralite in FAP has been 
mentioned by Peelman et al. (2014) and Mackowski et al. (2011), respectively. A RE-




phosphate composite ore, found in Nolan’s Bore, Northern Territory, Australia, is 
composed of 82% (w/w) fluorapatite, 13% cheralite and 3-4% clay with gangue minerals 
(Mackowski et al., 2011). A scanning electron microscopic image of a RE-phosphate ore 
sample is shown in Figure 2.1, showing the association of RE-phosphate minerals with 
FAP. The FAP lattice can also incorporate various anions and cations, including REEs 
(Gupta and Krishnamurthy, 2005; Thompson et al., 2011), and warrants a detailed 
discussion, presented in the next section. 
 
Figure 2.1. Scanning electron microscopic (SEM) image of a RE-phosphate ore sample 
(Beer et al., 2008) 
 
2.5 Fluorapatite 
2.5.1 Anion Substituted Fluorapatite 
Fluorapatite (FAP), of formula Ca5(PO4)3F, has a hexagonal crystal structure and 
it can have different colors: greenish-yellow, bluish green, grayish green, blue, brown, or 
violet. Apatite, Ca5(PO4)3(Cl,F,OH) is considered as the main mineralogical component 
of phosphate rocks(ores)/phosphorite. Fluorapatite, being a main sub group of apatite 
minerals, is considered as the most common rock-forming phosphate mineral (Binnemans 
et al., 2013). It occurs in almost all igneous rocks as an accessory mineral, alkaline rocks, 
carbonatites, granite and pegmatites. Moreover, it is common in marbles and skarns, 




calcium rich regional metamorphic rocks, magnetite deposits, hydrothermal veins, 
particularly formed at high temperatures, and Alpine cleft-type veins. Some mineral 
species such as chlorapatite (Ca5(PO4)3Cl), hydroxylapatite (Ca5(PO4)3OH), johnbaumite 
(Ca5(AsO4)3OH), svabite (Ca5(AsO4)3F) and turneaureite (Ca5(AsO4)3Cl) have a crystal 
structure related to that of fluorapatite (Hughes and Rakovan, 2015; Pasero et al., 2010). 
2.5.2 Cation Substituted Fluorapatite 
The chemical composition of natural FAP varies from place to place, depending 
on other minerals associated with it.  Sometimes, the incorporation of a variety of 
impurities such as sodium, potassium, magnesium, aluminum, silicon, iron, manganese, 
uranium, thorium and rare earth metal ions in natural FAP has been detected (Huffman 
et al., 1957; Olanipekun, 1999; Sluis et al., 1987; Wang et al., 2010). Although the 
composition (% w/w) of CaO, P2O5 and F in pure FAP with the empirical formula 
Ca5(PO4)3F is 55.6%, 42.2% and 3.77%, respectively, Table 2.3 shows different mass 
percentages of these species in natural FAP from different locations, containing above 
mentioned impurities. 
 
Table 2.3. Chemical compositions of natural fluorapatite 
Deposit 
origin 
Composition (% w/w) 
Detected impurities 
CaO P2O5 F CO2 
Theoreticala 55.6 42.2 3.8 0 Not applicable 
South 
America 
55.8 40.4 3.3 0.4 
Cl, Ag, Al, Ce, Fe, La, Mg, Mn, Na, Pb, Si, Sr, Yb, Y 
Mexico 55.6 41.3 3.3 0.1 
Canada 54.3 40.0 3.4 0.3 Cl, Fe, Mg, Mn, Na, Si, Sr 
Huffman et al., 1957. a. Based on formula Ca5(PO4)3F 
 
  




Although FAP is not a rare earth mineral, it is considered as a mineral which 
concentrates rare earth elements by replacing Ca2+ ions in the FAP lattice by RE3+ ions 
as a result of their similar sizes (Ca2+ = 100 pm, RE3+ = 85-106 pm), as discussed in 
Section 1.2.  The REE content in FAP as RE-oxides varies from trace amounts to over 
10% and hence, it is considered as an important resource of REEs (Gupta and 
Krishnamurthy, 2005). The nature of the host rock has an influence on the distribution of 
REEs in FAP. Table 2.4 lists the contents of REEs in FAP of different origins.  
 
Table 2.4. Different origins and REE compositions of REEs bearing apatite  
Deposit origin 
Composition of REEs 
as REO (% w/w) 
References 
Kola Peninsula ~ 1.0 
Gupta and 
Krishnamurthy (2005) 
Vishnevye mountains > 1.0 
Phalaborwa in South Africa NR 
Mineville iron ore in New York NR 
California placers NR 
Florida NR 
Florida Pebble 0.29 
Wang et al. (2010) 
Morocco Khoribga 0.14-0.16 
Algeria Djebel Onk 0.13-0.18 





NR = Not recorded. REO = Rare earth oxides 
 
Figure 2.2 shows the crystal lattice structure of FAP, reproduced from the 
diagram, published by Fleet and Pan (1995). The REE site occupancies in the FAP lattice 
are normally via two calcium atoms, having different stereochemistries in the atomic 
arrangement of FAP as denoted by Ca1 and Ca2 in Figure 2.2. While Ca1 is surrounded 
by nine oxygen atoms, forming a tricapped trigonal prism, Ca2 is surrounded by six 
oxygen atoms and one fluorine atom, forming an irregular polyhedron. These REE site 
occupancies are generally consistent with site preferences, deduced from bond-valence 




calculations which show that the substitutions for calcium lead to an equalisation of Ca1 
and Ca2 bond valences. Moreover, the REE site occupancy ratio inversely correlates with 
fluoride bond valency (Fleet and Pan, 1995). The chemical formula of fluorapatite 
becomes (Ca,RE..)5(PO4)3F due to the association of REEs in the fluorapatite lattice. 
Besides REEs, the association of sodium also causes a change in the composition of 
fluorapatite as (Na,Ca)5(PO4)3F (Chakhmouradian et al., 2002; McClellan and Lehr, 
1969). 
  
Figure 2.2. Fluorapatite lattice structure (reproduced from Fleet and Pan (1995)) 
 
2.5.3 Cation-Anion Substituted Fluorapatite 
Britholite, (Na,Ce,Ca)5(OH, F)((P,Si)O4)3  is a sub group of FAP and its 
mineralogy shows the association of sodium and REEs in phosphate minerals. The 
substitution of strontium with calcium, and carbonate with phosphate ion, forms 
(Ca,Sr)5(PO4)3F and Ca5(PO4,CO3)3F, respectively, where the latter is considered as 
carbonate-fluorapatite (Chakhmouradian et al., 2002; McClellan and Lehr, 1969). The 
carbonate-FAP, known as francolite, is also formed by the substitution of phosphate by 
carbonate in FAP lattice structure. The solubility of francolite in water is higher compared 
to that of FAP. This is due to the destabilizing effect of this substitution on the FAP 




structure (Regnier et al., 1994). Abouzeid (2008) has reported that the phosphate 
composition is 42.2% as P2O5 in FAP, while phosphate and carbonate compositions are 
34.0% as P2O5 and 6.3% as CO2, respectively, in carbonate-FAP (francolite). 
2.6 Production of Concentrates 
Several separation techniques are used to produce phosphate concentrates by 
removing other minerals from FAP or RE-phosphate ores. These are size reduction and 
screening, attrition scrubbing and classification, electrostatic separation, magnetic 
separation, flotation and chemical dissolution of carbonates. The use of one or more of 
these techniques is based on the ore type and the associated gangue minerals. 
2.6.1 Fluorapatite Concentrates 
a) Sequential Removal of Gangue Minerals 
A general flowsheet for the beneficiation of a phosphate ore, containing mainly 
carbonates, silica and pyrite as gangue minerals, using the attrition scrubber, screening 
and flotation is shown in Figure 2.3. The sequential removal of pyrite, carbonate and 
silica by flotation before the production of phosphate concentrate can be observed in this 
flowsheet. The unit operations in the flowsheets of beneficiation of a phosphate ore 
containing only clay carbonate (Figure 2.4a) are less complex than those of a phosphate 
ore containing both carbonate and silicate (Figure 2.4b). The recently developed 
processes for sedimentary carbonate-apatite flotation, using inverse flotation of 
carbonates with fatty acid collector and various apatite depressants (P2O5 depressants) 
and outcome of each process are summarized in Table 2.5.  





Figure 2.3. Beneficiation of partially altered sedimentary phosphate rock, containing 






Figure 2.4. Beneficiation flowsheets; (a) phosphate ore, containing only clay carbonate 
and (b) phosphate ore, containing both carbonate and silicate (Bulatovic, 2015) 




b) Electrostatic/Magnetic Separation 
The electrostatic separation is a successful beneficiation technique to remove 
silica and/or carbonates from phosphate ores in combination with another separation 
technique, namely desliming and gravity separation. However, this technique is slightly 
restricted in large scale operations due to the low capacity of electrostatic separators. 
Magnetic separation is widely used to upgrade igneous phosphate rocks and the extent of 
upgrade and the recovery are very close to those of electrostatic separation in many cases 
(Abouzeid, 2008). Some examples for the upgraded phosphate ores, using electrostatic 
and magnetic separations, are listed in Table 2.6.  
 Table 2.5. Recently developed processes for sedimentary carbonate-apatite flotation 
Process 
Conditions for P2O5 
depression 
Conditions for carbonate 
flotation Comments 
acid pH acid pH 
Sulphuric acid 
depression system 
Sulphuric acid 5.0-5.5 Fatty acid 
 Relatively selective 
process 
Produced a good grade 





Na, K-tartrate and 
aluminium or iron 
sulphate 
 
Oleic acid with 
pine oil 
7.5-8.2 
Concentrated up to 27.1-
30.7% P2O5 with 66-
84.7 % P2O5 recovery 


















 Fatty acid 6.0-6.5 
Concentrated up to 29-













More useful for ores 
with naturally low or 
early removed silica 




Phosphoric acid 5.0-5.5 Fatty acid 
 A good grade P2O5 
concentrate and its 
recovery 








Table 2.6. Beneficiation of phosphate ores using electrostatic/magnetic separation 
Beneficiation 
technique 
Ore type and origin 
Phosphate content as P2O5 
(% w/w) 
Recovery of P2O5 
during upgrading  





A Calcareous ore 
(North Africa) 
24.1 32.9 80.0 
Abu-Tartour ore 
(Eastern Desert, Egypt) 
27.5 33.0 71.5 
A siliceous ore 
(Qusseir, Red Sea Coast, Egypt) 
16.5 33.8 70.3 
A siliceous ore (Hamadat mine, 
Red Sea, Coast, Egypt) 




phosphate ore of Abu-Tartour 
phosphate deposit (Egypt) 
22.0–26.0 29.0-30.0 70.0 
Data from Abouzeid (2008) 
 
c) Selective Leaching 
The selective leaching of carbonate for upgrading calcareous phosphate ores is 
conducted using organic acids such as acetic, citric and formic acids.  The production of 
a fluoride-free phosphate (de-fluorination) from the upgraded ore is another major 
processing step of this beneficiation process. A thermal treatment at 1370-1510 oC of a 
mixture of phosphate rock, silicon dioxide, phosphoric acid and sodium hydroxide causes 
the de-fluorination. The reaction, involved in the de-fluorination process, given by the 
authors (Equation 2.1a) is unbalanced (Abouzeid, 2008) and it is corrected as Equation 
2.1b.   
 
3[Ca3(PO4)]. CaF2(s) + SiO2(s) +  NaOH(aq) + H3PO4(aq)
=  3[Ca3(PO4)2]. Na3PO4. Ca2SiO4(s) + 2HF(g) 
(2.1a) 
6[Ca3(PO4)2]. 2CaF2(s) + SiO2(s) +  3NaOH(aq) +  H3PO4(aq)
=  6[Ca3(PO4)2]. Na3PO4. Ca2SiO4(s) + 4HF(g) +  H2O(l) 
(2.1b) 




2.6.2 Monazite Concentrates 
Due to complex mineralogy, the concentration of monazite from the weathered 
crust deposits may also involve several separation techniques: gravity separation, 
magnetic separation, electrostatic separation, chemical separation and flotation. Flotation, 
which is more efficient for ores with a particle size range of 15-100 µm, has been proven 
as a successful technique to produce RE-phosphate concentrates in many sites throughout 
the world (Gupta and Krishnamurthy, 2005). Flotation is also used for fine grain xenotime 
deposits as an easy separation technique (Zhang and Edwards, 2012).   
Monazite separation process from a monazite placer deposit is less complicated 
in comparison to a weathered crust deposit. Magnetic and gravity separations are 
considered as the most prominent separation techniques for the separation of monazite 
from coastal placers and of xenotime from coastal placers and weathered crust deposits 
(Zhang and Edwards, 2012). In contrast, when the content of heavy minerals is very low 
in a deposit which contains monazite, wet gravity separation techniques, using riffle 
tables and spirals, are employed to concentrate the heavy minerals up to 80% (Gupta and 
Krishnamurthy, 2005). Figure 2.5 illustrates three physical beneficiation processes for 
concentrating monazite from beach sands which contain 1-4% heavy minerals. 





Figure 2.5. Production of monazite concentrate from beach sand minerals by physical 
beneficiation processes (Gupta and Krisnamurthy, 2005) 
 
2.7 Pre-Leach and Precipitation 
In general, a pre-leach stage is used to selectively leach the FAP fraction from a 
RE-phosphate ore/concentrate. The early removal of calcium, phosphate and fluoride 
(FAP fraction) has two advantages: (i) possibility of recovering gypsum and phosphate 
by-products by precipitation, (ii) possibility of producing a phosphate rich feed, that is 
more concentrated in REEs due to the removal of FAP fraction as well as other impurities 
such as sodium, potassium, magnesium, aluminium, iron, manganese, uranium and 
thorium. Sulphuric acid is unsuitable for the pre-leaching process due to the entrainment 
of REEs, uranium and thorium in the phosphor-gypsum precipitate. In contrast, 
hydrochloric acid and nitric acid have been used in many apatite leaching studies 
(Dorozhkin, 2012; Habashi, 1998; Zafar et al., 2006) which have shown high calcium and 
phosphate leaching. 
In the recovery process of REEs from a composite ore, which contains apatite and 
monazite group minerals, the apatite mineral is essentially dissolved in the leach liquor, 
using HCl (preferred) or HNO3 at the pre-leach stage, and the dissolved REEs are re-




precipitated by adding ammonia or hydrated lime (Mackowski et al., 2011). It has been 
found that the nitric acid pre-leaching was more effective, extracting 97% and 94% of the 
calcium and phosphorus, respectively, with 40% dissolution of the light REEs (La, Ce, 
Pr and Nd). The pre-leach with hydrochloric acid showed similar results, but the 
dissolution of key REEs (La, Ce and Nd) was approximately 10% lower. The proposed 
flowsheet for HCl pre-leach of a FAP-RE-phosphate concentrate, and regeneration of 
HCl, shown in Figure 2.6, highlights the followings: (i) the enrichment of the solid residue 




Figure 2.6. Acid pre-leach of a RE-phosphate concentrate with HCl and recovery 
processes of associated by-products (Nolans Bore update, 2012) 
 
Due to the high silicon content in a composite ore, the addition of NaCl and 
NaNO3 into HCl and HNO3 pre-leach liquors, respectively, allows the recovery of 
fluoride as Na2SiF6 (Mackowski et al., 2011). Again, the recovery of the fluoride 
component was more efficient with HCl pre-leach. The precipitation of calcium in the 
form of dicalcium phosphate CaHPO4 (DCP) and monocalcium phosphate 
Ca(H2PO4)2.2H2O (MCP) was accomplished by the addition of limestone to neutralize 




the acid in the pre-leach liquor. Thus, calcium phosphate could be effectively separated 
from the precipitates of the other ions, namely fluoride, aluminium, iron, uranium and 
thorium ions using a two-stage selective precipitation process with calcium carbonate at 
pH 0.3 (stage 1) and pH 3 (stage 2). Fluoride (98%), aluminium (92%), iron (94%), 
thorium (94%) and uranium (84%) can be selectively recovered at stage 1 with low 
recovery of phosphate (25%), while relatively pure and high recovery of phosphate (75%) 
in terms of above mentioned calcium phosphate salts can be achieved at stage 2 
(Senanayake et al., 2014a). These steps are shown in the suggested flowsheet for the 
recovery of REEs from a RE-phosphate concentrate, containing FAP (Figure 2.7). 
 





Figure 2.7. A general flowsheet for recovery of REEs from FAP free or FAP containing 
RE-phosphate concentrates  














2.8 Chemical Treatment 
The concentrates of FAP free RE-phosphate minerals can be subjected to direct 
acid or alkali digestions, whilst the concentrates of FAP associated RE-phosphate 
minerals have to be treated after using a pre-leach stage as discussed in the previous 
section. The chemical treatment stage involves pyrometallurgical or hydrometallurgical 
routes. The pyrometallurgical route involves the thermal treatment of a RE-phosphate 
concentrate to convert RE-phosphate compounds to RE-sulphates/hydroxides, followed 
by the recovery of REEs at the end. Aqueous chemistry can be manipulated in 
hydrometallurgy to recover REEs from RE-phosphate concentrates. The 
pyrometallurgicall treatment of high-grade RE-concentrates involves acid baking 
(digestion) with concentrated sulphuric acid and alkaline digestion with sodium 
hydroxide (Gupta and Krishnamurthy, 2005). However, the economic viability of this 
treatment for low-grade RE-concentrates has diminished, especially due to high energy 
consumption and high environmental pollution. On the other hand, the low processing 
cost, less environmental pollution and selective leaching of REEs justify the use of 
hydrometallurgical treatments for low-grade RE-concentrates (Kim et al., 2014).  
2.8.1 Treatment with Sulphuric Acid 
The solubility of RE-phosphates is very low in aqueous medium and hence, strong 
conditions must be used to convert them into water soluble RE-sulphates (Reaction 2.2). 
A general flowsheet, for the recovery of REEs from FAP free and FAP containing          
RE-phosphate concentrate through the acid digestion with concentrated H2SO4, is shown 
in Figure 2.7. Besides the use of strong conditions during the acid bake stage, the 
maximum solubility of produced RE-sulphates is very important in the water leach and 
purification stages to get high recovery percentage of REEs at the end. The different 




factors which affect the RE-sulphate solubility (temperature, degree of hydration of        
RE-salts and background ions) have to be optimized in these stages for better results. 
2REPO4 + 3H2SO4 = RE2(SO4)3 + 2H3PO4    (2.2) 
The sulphuric acid digestion is a common practise, using 98% (w/w) H2SO4 and 
a temperature range of 200-220 oC for monazite concentrates, and 93% (w/w) H2SO4 and 
a temperature range of 190-250 oC for xenotime concentrates. The REEs and thorium in 
these deposits are substantially or completely converted to water soluble sulphates under 
these conditions. About 80-90% REEs are solubilised from a xenotime concentrate by 
acid digestion with H2SO4, followed by water leaching. However, this digestion process 
became uneconomical for the concentrates with < 10% xenotime in it (Gupta and 
Krishnamurthy, 2005). More than 98% leaching efficiency of REEs along with yttrium 
has been achieved after digestion with 98% H2SO4 at a solid/liquid ratio of 1.0/2.5 for 6 
h, followed by water leaching from both low grade and high grade xenotime concentrates 
free of FAP (Vijayalakshmi et al., 2001). The conversion of RE-phosphates to RE-
sulphates during the high temperature acid digestion (pug-roasting) facilitates the water 
leaching. 
2.8.2 Treatment with Organic Acids 
The leaching of monazite in salicylic, phthalic, citric and oxalic acids was 
investigated by Goyne et al. (2010).   These dissolution experiments were carried out over 
a dissolution period of 28 days, using different acid concentrations (0, 1, 5 and 10 mmol 
L-1) under a specified set of conditions: 1:100 (w/v) solid/liquid ratio, 23 oC, pH 5, ionic 
strength I = 0.01, agitation at 8 rpm. The increase in concentration of aliphatic acids (citric 
and oxalic) was beneficial for releasing the REEs from both apatite and monazite, 
compared to that of aromatic acids (phthalic and salicylic). The leaching efficiencies of 




REEs from monazite followed a descending order of the organic ligand concentration: 
citrate > oxalate ~ phthalate > no ligand (0.01 mol L-1 LiCl solution) > salicylate. In 
comparison, those from apatite followed a different descending order; citrate > oxalate > 
phthalate > salicylate ~ no ligand (0.01 mol L-1 LiCl solution). The leaching results could 
not be explained on the basis of the stability constants of RE-ligand complexes. This led 
to the suggestion that the specific crystal structure of the mineral undergoing dissolution 
controls the dissolution patterns of REEs from apatite and monazite.   
2.8.3 Treatment with Alkali 
The alkali treatment is also a common practise for RE-phosphate concentrates. A 
sodium hydroxide (caustic soda) solution of 60-70% (w/w), at a temperature range of 
140-150 oC, has been used in the normal industrial practice for the alkali digestion of   
RE-phosphate concentrates (Krumholz, 1957). The conversion of RE-phosphates to      
RE-hydroxide is shown by the following chemical equation (Reaction 2.3).  A suggested 
flowsheet for alkali digestion of a monazite concentrate in Figure 2.8 shows different 
processing routes used for the solid residue of REEs, Th and U hydroxide mixtures, 
obtained after the digestion with NaOH. Thus, there can be several types of REE end 
products such as chlorides, hydroxides, carbonates, nitrates and sulphates, depending on 
the used processing route. Moreover, in addition to REEs as the main product, sodium 
phosphate is a valuable by-product of this alkali treatment.  
REPO4 + 3NaOH = RE(OH)3 + Na3PO4                                (2.3) 
Alex et al. (1998) conducted tests to extract REEs from a xenotime concentrate, 
using both alkali leaching and alkali fusion with NaOH, and almost 95% of REEs were 
leached using both processes. For example, under alkali leaching the recovery of REEs 




was increased from 28% to 95% due to the increase in temperature from 100 oC to 140 
oC; and from 25% to 98% due to the increase in leaching time from 2 h to 5 h. Under 
alkali fusion, the recovery percentage of REEs was increased from 45% to 75% for an 
enhancement of the temperature from 400 oC to 600 oC.  
 
Figure 2.8. A general flowsheet for alkali digestion of a monazite concentrate  
(Gupta and Krishnamurthy, 2005) 
 
Kim et al. (2009) decomposed a mixture of monazite and NaOH by milling and 
the solid RE-hydroxide was then leached with sulfuric acid to extract REEs at room 
temperature. About 85% of lanthanum, neodymium and samarium were dissolved using 
0.025 mol L-1 H2SO4. However, the leaching efficiencies of cerium and praseodymium 
were 20% and 70%, respectively, due to the transformation of their hydroxides into more 
stable oxide forms. A very high leaching efficiency of REEs was obtained from both      
RE-hydroxides and RE-oxides when the H2SO4 concentration was increased up to 2.5 
mol L-1.  




Panda et al. (2014) used NaOH for the dephosphorization of a monazite 
concentrate and they were able to leach out phosphate completely within 4 h, using the 
optimum conditions as 50% (w/v) NaOH, 100 g L-1 pulp density and 170 oC temperature. 
Moreover, increasing NaOH concentration, temperature and time showed a beneficial 
effect on phosphate dissolution, while high pulp density showed a detrimental effect. The 
mechanism of the phosphate dissolution was chemically controlled according to the 
kinetic model of dense, constant size, cylindrical particles with an activation energy of 
58 kJ mol-1. The leaching efficiency of REEs from RE-hydroxides, formed during the 
dephosphorization process, was about 95% with 6 mol L-1 HCl at the leaching conditions:  
90 oC temperature, 60 g L-1 pulp density and 2 h leaching time. 
The removal of calcium, originating from the gangue minerals, is essential to 
avoid the precipitation of a secondary calcium phosphate during the alkali digestion. The 
chemical reactions between gangue minerals and NaOH are shown in the Reaction 
scheme 2.4. The RE-phosphate precipitated on the solid waste decreases the 
concentration of RE(III) in the filtrate and lowers the recovery of REEs at the final stage. 
Ca5(PO4)3F + 10NaOH = 3Na3PO4 + 5Ca(OH)2 + NaF 
(2.4) 
CaCO3 + 2NaOH = Na2CO3 + Ca(OH)2 
MgCO3 + 2NaOH = Na2CO3 + Mg(OH)2 
3Ca(OH)2 + 2Na3PO4 = Ca3(PO4)2 + 6NaOH 
 
Thus, mild acidic conditions at the pre-leach stage have been used to remove FAP, 
dolomite and calcite from the concentrate of a RE-phosphate ore from Mount Weld near 
Laverton, Western Australia. The process flowsheet also contained a calcination step at 
650 oC after the pre-leach stage, to volatilize the residual flotation reagents from the pre-
leach residue (Ring et al.,1993), before converting it to RE(OH)3 to obtain a high recovery 
of REEs. 




2.8.4 Treatment at High Temperature 
This process is operated in the temperature range of 980-1190 oC and the 
decomposition of monazite is due to the reaction with calcium chloride and calcium 
carbonate in a reducing and sulphidizing environment. The products of this process are    
RE-oxysulphides, RE-oxychloride, thorium-rich oxide solid solution and calcium 
chloroapatite. A REEs containing liquor is separated after leaching this solid residue with 
3% (w/w) HCl, followed by filtration and subjected to the recovery of REEs (Gupta and 
Krishnamurthy, 2005).  
Kumari et al. (2015) conducted thermal treatments on a monazite sample to 
recover REEs and separate phosphate as a valuable by-product. In the roasting processes, 
monazite and sodium carbonate were used in 1:1 (w/w) ratio at 900 oC, and monazite and 
sodium hydroxide were used in 1:1 (w/w) ratio at 400 oC, for 120 min to achieve the 
complete conversion of RE-phosphates into RE-oxides/hydroxides. The roasted solids 
were washed, dried and leached with 6 mol L-1 HCl for 2 h at 80 oC and a pulp density of 
30 g L-1 to achieve a REE leaching efficiency, greater than 90%. 
2.9 Solubility of Trivalent Rare Earth Salts 
The solubilities of sulphates, phosphates and double sulphates of RE(III) given by 
the formulae RE2(SO4)3, REPO4 and MRE(SO4)2 (M = Na, K), respectively, have been 
investigated in different aqueous media. The results are very useful to understand 
different dissolution kinetics of rare earth containing minerals and concentrates in 
sulphuric acid and phosphoric acid solutions.  Some typical examples of the application 
of solubility behaviour of RE-salts in the general flowsheets, which provide justification 
of  the review of the solubility data  in water and sulphate media, are evident from: (i) the 
enrichment of sulphate solution with REEs at the water leach and purification stages, (ii) 




the precipitation of RE-double sulphates as the first step of the recovery of REEs from 
sulphate solutions,  and (iii) the dissolution of rare earth, thorium and uranyl hydroxides 
in sulphuric acid shown in the flowsheets in Figure 2.7 and Figure 2.8. 
2.9.1 Sulphates of Trivalent Rare Earth Metal Ions 
a) Effect of Hydration Number 
Rare earth sulphates have different hydration numbers which vary depending on 
the RE(III) ion of the sulphate compound. Rard (1988) has investigated the solubilities 
of the three solids Eu2(SO4)3.8H2O, Pr2(SO4)3.8H2O and Lu2(SO4)3.8H2O in water at 25 
oC by adding excess amounts of anhydrous forms of these sulphate salts to de-ionized 
water and allowing the solutions to equilibrate at 25 oC. The hydration number of 8 was 
confirmed by the characterization of the resulting solid phases, but the formation of a 
colloidal suspension was evident from the turbidity of the solutions. The variations of the 
turbidity and the solubilities with time have been reported by Rard (1988) for these 
solutions, especially those containing Eu2(SO4)3 and Lu2(SO4)4.  
An exponential variation of the solubilities of RE(III)-sulphates expressed in 
molal concentration scale (moles per kilogram of water) with temperature has been 
observed by Mioduski (1998).  Based on his study, Sc2(SO4)3.5H2O, La2(SO4)3.9H2O, 
Ce2(SO4)3.9H2O, La2(SO4)3.5H2O and octa-hydrated sulphates for all REEs 
(RE2(SO4)3.8H2O) were suggested as prominent equilibrium solid phases of RE-sulphate 
salts. A significant influence of the hydration number on the solubility of RE-sulphates 
is evident due to an increment of the enthalpy of RE-sulphate dissolutions in the range of 
11-16 kJ mol-1 per unit increment of the hydration number (Mioduski, 1998). Poston et 
al. (2003) have confirmed the existence of La2(SO4)3, predominantly in the solid form of 
La2(SO4)3.9H2O in saturated solutions at 21 
oC using XRD analysis. The co-existence of 




Ce2(SO4)3 salts with different hydration numbers at a certain temperature has been 
discussed by Linke (1965), Milanova et al. (2007), Mioduski (1999) and Poston et al. 
(2003). Furthermore, Mioduski (1998) has shown the existence of the tetrahydrate only 
for Ce2(SO4)3 using XRD analysis and Poston et al. (2003) have found the existence of 
tetrahydrate for both Ce2(SO4)3 and Ce(SO4)2. 
Some agreements and discrepancies of the solubilities of Pr3+ or Eu3+ ions from 
Pr2(SO4)3.8H2O and Eu2(SO4)3.8H2O can be observed from the solubility data from 
different studies listed in Table 2.7. Nevertheless, the results show a descending order of 
the solubilities of the RE-sulphates with the same hydration number at 25 oC, following 
the descending order: Lu2(SO4)3.8H2O > Pr2(SO4)3.8H2O > Eu2(SO4)3.8H2O. However, 
this order cannot be explained in terms of the atomic mass or atomic radius, as they follow 
the descending order of Lu > Eu > Pr and Pr > Eu > Lu, respectively, (Table 2.7). 
Table 2.7. Atomic properties and solubility data of octa-hydrated sulphate salts of some 



























63 151.96 180 Eu2(SO4)3.8H2O 
0.061 
Barabash et al. 
(1972) 
0.076 Rard (1985) 
0.064 
Rard (1988) 
71 174.97 174 Lu2(SO4)3.8H2O 1.252 
Values of atomic number, mass and radius from Gupta and Krishnamurthy (2005) 
 




b) Effect of Temperature 
Linke (1965) has reported four different hydration numbers of cerium(III) 
sulphate, Ce2(SO4)3, in the solid form: Ce2(SO4)3.4H2O, Ce2(SO4)3.5H2O, 
Ce2(SO4)3.8H2O and Ce2(SO4)3.9H2O. Based on the data reported by Linke (1965), the 
solubilities of RE3+ ions from different hydrated RE-sulphates in water at different 
temperatures are shown in Figure 2.9. These results show that the solubility of 
Ce2(SO4)3.9H2O is higher compared to that of La2(SO4)3.9H2O (Figure 2.9a). Likewise, 
the solubility of Ce2(SO4)3.8H2O is higher than those of Sm2(SO4)3.8H2O and 
Gd2(SO4)3.8H2O (Figure 2.9b) at the selected temperature ranges. The effect of change 
of the hydration number of the precipitated cerium sulphate salts on solubility is shown 
in Figure 2.10. The solubility of Ce2(SO4)3.9H2O is slightly higher than that of 
Ce2(SO4)3.8H2O at zero temperature (
oC) and this difference gradually decreases with 
increasing temperature (Linke, 1965; Mioduski, 1999). 
Figure 2.9 and 2.10 illustrate that increasing temperature is detrimental for the 
solubilisation of all RE-sulphates and hence, a high solubility of RE-sulphates can be 
expected at room temperature, compared to that at elevated temperatures. Besides the 
temperature effect, the effect of the hydration number of precipitated solid phases of 
Pr2(SO4)3 and Nd2(SO4)3 in water is evident from Figure 2.11a and 2.11b, respectively. 
 








Figure 2.9. Effect of temperature on solubility of different RE(III) sulphate salts with 
different hydration numbers; (a) RE2(SO4)3.9H2O and (b) RE2(SO4)3.8H2O 
(data from Linke (1965)) 
 
 
Figure 2.10. Effect of temperature on solubility of cerium(III) sulphate salts 






Figure 2.11. Effect of temperature on hydration levels of precipitated solid phases of (a) 
Pr2(SO4)3 and (b) Nd2(SO4)3 in water (data from Linke (1965)) 
 




c) Effect of Sulphuric Acid Concentration 
Figure 2.12 shows the effect of sulphuric acid concentration on solubilities of             
RE-sulphates from the data, reported by Linke (1965). The graphical representation of 
the data shows the high solubilities of RE-sulphates in water and sulphuric acid in the 
descending orders: Er2(SO4)3.8H2O > Ce2(SO4)3.8H2O > La2(SO4)3.9H2O (up to 1 mol L
-
1 concentration) and Ce2(SO4)3.8H2O > Er2(SO4)3.8H2O > La2(SO4)3.9H2O (beyond 1 
mol L-1 concentration) and a gradual decrease with increasing acid concentration. This 
figure shows a slight increase in solubility of La2(SO4)3.9H2O in dilute H2SO4 solutions 
with increasing concentrations (0-1.5 mol L-1). However, Ce2(SO4)3.8H2O and 
Er2(SO4)3.8H2O with much higher solubilities do not show this trend. Lokhin et al. (2002) 
have mentioned that the concentrations of the RE(III) ions in sulphuric acid containing 
leach solutions are limited (1.1-1.2 g L-1) due to low solubilities of RE-sulphates because 
of salting-out action of H2SO4. However, the solubility of RE-sulphates showed high 
concentrations of RE(III) ions in sulphuric acid solutions compared to those, obtained in 
general leach liquors (Lokhin et al., 2002). 
 
Figure 2.12. Variation of solubilities of RE(III)-sulphates: La2(SO4)3.9H2O, 
Ce2(SO4)3.8H2O and Er2(SO4)3.8H2O with sulphuric acid concentration  
(data from Linke (1965)) 




2.9.2 Double Sulphates of Trivalent Rare Earth Metal Ions 
a) Types of Double Salts 
The general chemical formulae of the hydrated rare earth double sulphate salts are  
MRE(SO4)2.nH2O,  and xRE2(SO4)3.yM2SO4.nH2O, where M = Na or K and x, y and z 
are integers (Lokshin et al., 2005, 2007; Linke, 1965). For example, Lokshin et al. (2007) 
have reported double sulphate salts of the type: 2Nd2(SO4)3.3Na2SO4.2H2O and 
2RE2(SO4)3.3K2SO4.4H2O. Rare earth double sulphates have been precipitated in a liquor 
obtained by leaching of nickel metal hydride (NiMH) spent batteries with 2 mol L-1 
H2SO4 at 20 
oC and adjustment of pH (to pH < 1.5) using a NaOH solution. However, the 
addition of NaOH has been restricted to avoid the interference of Fe(III) ion through 
precipitation of ferric hydroxide, which starts at pH 2.5-3.0 (Pietrelli et al., 2002). The 
rare earth double sulphates, especially those of Sc, La, Ce, Pr, Nd, Sm and Eu, had very 
low solubilities in water and these solubilities were further decreased when the 
temperature was increased (Pietrelli et al., 2002). Kul et al. (2008) have precipitated rare 
earth double sulphates from a pre-concentrated bastnasite by acid baking of 50 g of the 
sample with concentrated H2SO4 at 200 
oC, followed by water leach (at 25 oC for 2 h) and 
adding Na2SO4. The recoveries of REEs as double sulphates were 93.7%, 91.2% and 
86.5% from a H2SO4 leach liquor of monazite using NaOH, Na2SO4 and NaCl, 
respectively, at 25 oC (Abreu and Morais, 2010). 
b) Effect of Temperature 
The solubilities of both RE2(SO4)3 and M2SO4 (M = Na and K) from different 
double sulphate salts at different temperatures have been reported by Linke (1965). The 
calculated solubilities of RE3+ and Na+ or K+ ions, based on the reported results, are listed 
in Table 2.8. Despite the different solubility values reported for double salts, the overall 




solubility of sodium containing double salts of lanthanum (La2(SO4)3.Na2SO4.2H2O) and 
neodymium (Nd2(SO4)3.Na2SO4.2H2O) are slightly low compared to those of potassium 
analogues at 25 oC. In contrast, the solubility of Ce2(SO4)3.Na2SO4.2H2O is slightly 
higher than that of Ce2(SO4)3.K2SO4.2H2O at 25 
oC. Moreover, the high temperatures 
have a detrimental effect on the solubilities of RE3+ from La2(SO4)3.Na2SO4.2H2O and 
Ce2(SO4)3.K2SO4.2H2O. In contrast, high temperatures have a slight beneficial effect on 
the solubilities of RE3+ from La2(SO4)3.K2SO4.2H2O and Ce2(SO4)3.Na2SO4.2H2O (Table 
2.8). Although the solubility behaviours of these double sulphate salts may be used as 
guidance, they may be less reliable as individual studies report data for only one type of 
rare earth double salt.  
c) Effect of Acid Concentration 
Figure 2.13 shows the variations of the solubilities of rare earth double sulphate 
salts of lanthanum and cerium in H2SO4-H3PO4 mixtures with the increase in H2SO4 acid 
concentration at 0 g L-1 H3PO4 and 27.6 g L
-1 H3PO4, based on the reported data at 20 
oC 
(Lokshin et al., 2005). Low solubilities of sodium containing lanthanum(III) and 
cerium(III) double sulphate salts of sodium (NaLa(SO4)2.H2O and NaCe(SO4)2.H2O) 
over their potassium analogues (KLa(SO4)2.H2O and KCe(SO4)2.H2O) are evident from 
this figure. Furthermore, increasing the H2SO4 concentration is beneficial for the 
solubilities of these double salts only up to a certain concentration. Thereafter, increasing 
acid concentration becomes detrimental. This behaviour of double salts is similar to the 









Table 2.8. Solubilities of different RE double sulphate salts in water  
Double sulphate salts Temperature (oC) 
Solubility (mol kg-1) 









































(data from Linke (1965)) 
 
The highest solubilities of La(III) from NaLa(SO4)2.H2O (0.018 mol L
-1) and 
KLa(SO4)2.H2O (0.044 mol L
-1) occur in solutions of 0.847 mol L-1 and 1.295 mol L-1 
H2SO4, respectively, in the absence of H3PO4 (0 g L
-1; Figure 2.13a). Likewise, the 
highest solubilities of Ce(III) from NaCe(SO4)2.H2O (0.014 mol L
-1) and KCe(SO4)2.H2O 
(0.039 mol L-1) occur in solutions of 0.416 mol L-1 and 0.629 mol L-1 H2SO4, respectively, 
in the absence of H3PO4 (Figure 2.13b). The solubilities of all types of double salts 
decreased slightly in H2SO4-H3PO4 mixture at 20 
oC with the increase in H3PO4 content 




from 0 to 27.6 g L-1 in the H2SO4 concentration range of 0.63-4.40 mol L
-1 (Figure 2.13a-
b). Another important observation in Figure 2.13a-b is that the solubility of La(III) in 
water as the potassium double salt is higher than that as the sodium double salt; but in the 
presence of H3PO4 they decrease to very low values close to zero (see the solubility values 






Figure 2.13. Variation of solubilities of sodium/potassium containing (a) lanthanum and 
(b) cerium double sulphate salts with sulphuric acid concentration in sulphuric-
phosphoric acid solution mixtures at 20 oC (data from Lokshin et al. (2005)) 
 
d) Effect of Salt Concentration 
Table 2.9 shows how the concentration of Na2SO4 and K2SO4 can affect the 
solubility of Y(III) at 25 oC depending upon the salt precipitated. For example, at low 
concentrations of Na2SO4 (≤ 2.39% w/w) the precipitated solid is Y2(SO4)3.8H2O. 
However, the increase in Na2SO4 concentration not only changes the precipitated solid to 
NaY(SO4)2.H2O, but also decreases the Y(III) solubility. A similar effect can be observed 
with the addition of K2SO4 (Table 2.9). The formation of Na2SO4.10H2O was also 
observed, when the Na2SO4 content was further increased (Lokshin et al., 2007).  
The higher concentration of Y(III) in equilibrium with the potassium double salt, 
compared to that with the sodium double salt in Table 2.9 is also consistent with the 
observations in Figure 2.13a-b. The solubilities of the three double salts 




NaCe(SO4)2.H2O, NaPr(SO4)2.H2O and NaNd(SO4)2.H2O are almost the same but they 
are lower than the solubilities of NaLa(SO4)2.H2O in water and H2SO4 solutions with 
similar compositions at 20 oC. The solubility of NaGd(SO4)2.H2O is significantly higher 
compared to those of double sulphate salts of yttrium, praseodymium and neodymium at 
20 oC (Lokshin et al., 2007).   
  




M2SO4 (% w/w) 
Concentration of 
Y2(SO4)3 (% w/w) 
Precipitated solid phase 
M = Na 
≤ 2.39 5.21-5.52 Y2(SO4)3.8H2O 
3.02 5.20 NaY(SO4)2.H2O 
17.74 2.15 NaY(SO4)2.H2O 
M  = K 
≤ 4.93 NR Y2(SO4)3.8H2O 
6.01 8.17 KY(SO4)2.H2O 
NR = Not recorded; data from Lokshin et al. (2007) 
 
2.10 Equilibrium Constants 
The interaction between the oppositely charged ions or ions and neutral 
molecules, resulting in the formation of different aqueous species (ion associates or 
metal-ligand complexes) or precipitates can be described on the basis of chemical 
equilibria. Whilst the evidence for the existence of such species in solution or solid phases 
come from various spectroscopic and/or characterization techniques as well as physico-
chemical modelling, the comparison of their relative stabilities based on the 
experimentally measured equilibrium constants (Havlȋk, 2008). Dissociation constants, 
cumulative association constants, stepwise association constants and solubility product 
constants are some of the equilibrium constants used in this thesis to explain different ion 
associations/dissociations and precipitation reactions. These constants are calculated 
based on the thermodynamic activities of the reactants and products taking part in the 
reaction, and the relationship between activity and concentration is:  




activity = (concentration) x (activity coefficient) (2.5) 
Activity coefficients vary with the concentrations and the charges of the ionic species. 
The ionic strength (I) of a solution is given by Equation 2.6, 






where, ci  = ionic concentration of solution (mol L
-1) and zi = charge number of the ion 
concerned. Thus, the value of I is related to both concentration and ionic charge and 
hence, change in ionic strength can result a change in activity coefficients of the ionic 
species and the chemical equilibria of the system. 
Moreover, the temperature can affect the chemical equilibria in such a way that 
the increasing temperature favors endothermic reaction, while decreasing temperature 
favors exothermic reaction (Mendham et al., 2007). Hence, it is important to mention the 
ionic strength of the solution and temperature, when the values of equilibrium constants 
are reported for comparison. In most cases, the ionic strength effects can be generally 
ignored for qualitative comparison of solubility or leaching data for different metal ions 
in different acid solution. However, the concentration of acid controls the reactivity 
(activity) of H+, whilst the anion of the acid or other salts (Ln-) which may or may not 
form different species with H+ or Mm+ can influence the direction of various chemical 









Examples for some equilibrium constants can be given as follows with H+, Mm+ and Lx- 
noted above.  
➢ Acid dissociation constant (Ka):  
 
HxL =  H(x−1)L








− =  H(x−2)L








➢ Association or stability constant (K or β):  
 




Mm+ + 2Lx− = ML2





Mm+ + nLx− = MLn









ML(m−x)+ +   Lx− =  ML2








+  Lx− =  MLxn








where, β1, β2… βn are called cumulative association constants or stability constants and 
K1, K2…Kx are called stepwise association constants of the complex species; […] 
denotes concentrations of the corresponding species. 
 
➢ Solubility product constant (Ksp): 
 
MxLm(s) =  xM
m+ + mLx−,         Ksp =  [M
m+]x[Lx− ]m       (2.10) 
 




2.10.1 Association Constants of RE(III)-Sulphate Complex Species 
As discussed in Section 2.9.1, the solubility of RE3+ ions in H2SO4 varies with the 
acid concentrations. The complex formation between RE3+ and SO4
2- ions in H2SO4 is 
partly responsible for the increase in the solubility of RE3+ ions in H2SO4. The stability 
constant (β) is an important parameter to check the relative stability of these RE-sulphate 
aqueous complexes. Schijf and Byrne (2004) have recorded the stability constants of 
mono-sulphate complexes of REEs at ionic strength (I) 0.66 mol kg-1 and temperature at 
25 oC. They have checked the solubility of BaSO4 in chloride solutions of REEs at pH 
3.0 to determine the stability constants. The SO4
2- ions, produced from BaSO4, react with 
RE3+ to form RE(SO4)
+ aqueous complexes (RE(SO4)
+ or {RE(SO4)}
+ represents the RE-
sulphate complexes and [RE(SO4)
+] represents the concentration of those complexes). 














According to their results, Log β values at 25 oC varied between 1.77 and 1.97 at 
ionic strength; I = 0.66. The values of Log β, determined at different ionic strengths, have 
been plotted as a function of ionic strength and extrapolated to determine Log β at zero 
ionic strength, relevant to each {RE(SO4)}
+.  They were in the range of 3.44-3.64 (at I = 
0). In addition, many researchers have reported these stability constants at 25 oC (I = 0) 
based on different experimental techniques and literature data: 3.47-3.66 (Spedding and 
Jaffe, 1954), 3.34-3.54 (Izatt et al. 1969), 3.47-3.67 (Smith and Martell, 1976) and 3.06-
3.34 (Millero, 1992) and 3.59-3.66 (Haas et al., 1995) listed in Table 2.10. 




Table 2.10. Stability constants of RE(III) mono-sulphate aqueous complexes 
RE(III) 
Stability constants (Log β) 
Spedding and Jaffe 
 (1954) 
Izatt et al.  
(1969) 




Haas et al. 
(1995) 
Y  3.47 3.34 3.47   
La   3.62 3.50 3.64 3.21 3.62 
Ce   3.59 3.48 3.59 3.29 3.62 
Pr  3.62 3.58 3.62 3.27 3.62 
Nd    3.64 3.43 3.64 3.26 3.64 
Pm    3.34  
Sm   3.66 3.52 3.67 3.28 3.65 
Eu   3.54 3.67 3.37 3.66 
Gd    3.66 3.48 3.66 3.25 3.66 
Tb     3.47 3.64 3.20 3.64 
Dy    3.43 3.62 3.15 3.61 
Ho   3.59 3.38 3.59 3.16 3.59 
Er    3.59 3.41 3.59 3.15 3.59 
Tm     3.41 3.59 3.07 3.59 
Yb  3.59 3.33 3.58 3.06 3.59 
Lu   3.49 3.52 3.01 3.59 
At 25 oC and I = 0; RE3+ + SO4




2.10.2 Association Constants of RE(III)-Phosphate Complex Species 
The stability constants of RE(III) ion associations with different phosphate anions 
such as dihydrogen phosphate (H2PO4
-) and monohydrogen phosphate (HPO4
2-) have 
been well documented. Table 2.11 shows the stability constants of different RE(III)-
phosphate complexes, reported by Liu and Byrne (1997) and Millero (1992) at 25 oC. The 




2+. Unlike, the stability constants of {RE(H2PO4)}
2+ complexes 
containing light REEs and heavy REEs which remain unchanged, the stabilities of 
{RE(HPO4)}
+ and {RE(HPO4)2}
- increase down the series (Table 2.11). 
 
 




Table 2.11. Stability constants of RE(III)-phosphate aqueous complexes  
RE3+ 
Stability constants (Log β) 













Liu and Byrne  
(1997) 
 
Y - 4.79 - - 2.14 
La 4.87 4.11 8.17 2.50 1.79 
Ce 4.98 4.32 8.34 2.43 1.92 
Pr 5.08 4.45 8.50 2.37 2.00 
Nd 5.18 4.54 8.66 2.31 2.05 
Sm 5.35 4.72 8.96 2.23 2.16 
Eu 5.42 4.78 9.10 2.21 2.19 
Gd 5.49 4.73 9.24 2.20 2.13 
Tb 5.54 4.79 9.37 2.19 2.14 
Dy 5.60 4.82 9.49 2.20 2.13 
Ho 5.64 4.84 9.62 2.21 2.12 
Er 5.68 4.88 9.73 2.24 2.13 
Tm 5.71 4.93 9.84 2.27 2.14 
Yb 5.73 4.99 9.95 2.32 2.18 
Lu 5.75 5.00 10.1 2.38 2.17 
At 25 oC and I = 0-0.1 
 
2.10.3 Association and Solubility Product Constants for RE(III)-Nitrate, Halides 
and Organic Anions 
The equilibrium constants for the association of RE(III) with fluoride are 
relatively high compared to those with chloride and nitrate. It can be noticed that the 
stabilities of RE(III)-oxalate complexes are higher than those of RE(III)-acetate 
complexes, based on the values listed in Table 2.12. The solubility product constants of 
rare earth oxalate and citrate compounds are also listed in Table 2.12, where pKSP = -Log 
KSP. Although the variation of stability or solubility product constants of different RE-
species vary slightly in magnitude, much larger variations are observed with different 
anions which are useful in rationalising the effects of different acids.  
 




Table 2.12. Equilibrium constants for ion associations of RE(III) with halides, nitrates, 
phosphates and organic anions and some precipitation reactions 
Anion type Aqueous complex Ref Stability constants (Log β) or solubility product 
constants (pKsp) 
La Ce Pr Nd 
F- {REF}2+ a, b 3.12, 3.72 3.28, 3.86 3.48, 4.06 3.56, 4.14 
{REF2}+ b 6.84 7.30   
{REF3}0 b 10.2    
Cl- {RECl}2+ a, b 0.29, 0.48 0.31, 0.47  0.32, 0.44 0.32, 0.40 
{RECl2}+ c 0.00 0.03 -0.01 0.04 
NO3- {RE(NO3)}2+ a 0.58 0.69 0.69 0.79 
{RE(NO3)3}0 c -0.21 0.18 -0.02 0.04 
H2PO4- {RE(H2PO4)}2+ d 1.79 1.92 2.00 2.05 
HPO42- {RE(HPO4)}+ d 4.11 4.32 4.45 4.54 
{RE(HPO4)2}- a 8.17 8.34 8.50 8.66 
HCOO- {RE(HCOO)}2+ e 1.10 1.12 1.14 1.15 
CH3COO- {RE(CH3COO)}2+ e 1.80 1.91 2.01 2.10 
HnC2O4(n-2) 
n = 0, 1 
{RE(HC2O4)}2+ f 2.33-2.02 2.33-2.02 2.33-2.02 2.33-2.02 
{RE(C2O4)}+ f 4.94 5.04 5.32 5.39 
{RE(C2O4)2}- f 9.28 9.67 9.63 9.64 
C6HnO7(n-8) 
n = 5, 6, 7 
{RE(C6H7O7)}2+ g 2.52    
{RE(C6H6O7)}+ g 3.80    
{RE(C6H5O7)}0 h 9.11 9.50 9.76 9.94 
C2O42- RE2(C2O4)3 (s) i 29.3 29.2 30.4 30.9 
C6H5O73- RE(C6H5O7)(s) j 10.6-15.6 10.6-15.6 10.6-15.6 10.6-15.6 
At 25 oC and I = 0-1; RE = La, Ce, Pr and Nd 
a. Millero (1992) 
b. Wood (1990) 
c. HSC 7.1 database (Roine, 2012) 
d. Liu and Byrne (1997) 
e. Byrne and Li (1995), I = 0.1 and temperature range = 20 oC-25 oC 
f. Schijf and Byrne (2001), I = 0.05  
g. Barnes and Bristow (1970); temperature = 20 oC 
h. Xiong (2011) 
i. Chung et al. (1998), I = 0 
j. Mompean et al. (2005), (based on the solubilities of RE-citrates: (0.3-3) mmol L-1, I = 0 and pH ~ 3.0) 
 
2.10.4 Solubility Product Constants of RE(III)-Double Sulphate Salts 
Rare earth double sulphate salts, MRE(SO4)2.H2O (M = Na or K) are sparingly 
soluble in water, as noted previously (Figure 2.13a-b). The dissolution reaction of rare 
earth  double sulphate salts is shown in Reaction 2.12a.   The calculated solubility product 
constants, pKsp of different double sulphate salts using Equation 2.12b at 20 
oC and 25 oC 
reported by Lokshin et al. (2005, 2007) are listed in Table 2.13.  
 




MRE(SO4)2. H2O(s) = M
+ + RE3+ + 2SO4
2− +  H2O, (M 
+ =  Na+ or K+)  (2.12a) 




Table 2.13. Solubility product constants of some RE(III)-double sulphate salts 
Type T (oC) 
pKSP 
(M = Na) 
pKSP 
(M = K) 
MPr(SO4)2.H2O 20 7.1 5.5 
MNd(SO4)2.H2O 20 7.1 5.8 
MGd(SO4)2.H2O 20 5.5 - 
MLa(SO4)2.H2O 
20 6.8 5.8 
25 5.7 5.1-5.8 
MCe(SO4)2.H2O 
 
20 8.4 6.0 
25 - 4.9 
Literature data from Lokshin et al. (2005, 2007); (pKSP = -logKSP) 
 
 
The different pKsp values of sodium containing double salts and potassium 
containing double salts vary in the range of 5.5-8.4 and 5.5-6.0, respectively, at 20 oC. 
Moreover, the pKsp values of potassium containing double salts are lower than those of 
their sodium analogues, indicating high solubilities of potassium double salts. This 
difference is as expected from the trends described earlier in Figure 2.13a-b and Table 
2.9.  However, the lack of information on pKsp values at a broader range of temperatures 
in the absence or presence of other background cations and anions of different 
concentrations becomes problematic in making reliable conclusions on the variation of 
solubilities of double sulphates with temperatures, highlighting the need to conduct actual 








2.10.5 Solubility Product Constants of RE(III)-Phosphates 
            The solubility product constants of RE(III)-phosphates, reported by Firsching and 
Brune (1991), Liu and Byrne (1997) and Ziya et al. (2005) at 25 oC and at elevated 
temperatures are listed in Table 2.14. Higher pKSP values in Table 2.14, compared to 
those in Table 2.13, indicate that the solubilities of RE(III)-phosphates are very low 
compared to those of RE(III)-double sulphate salts. This comparison of pKSP values 
explains the lower solubility of RE(III)-double sulphate salt in solutions of 0 mol L-1 
H2SO4 (in water) in the presence of phosphoric acid in Figure 2.13a-b. Moreover, higher 
values of pKSP of phosphates at higher temperatures in Table 2.14 indicate a lower 
solubility of RE(III)-phosphates at elevated temperatures, compared to that at room 
temperature. 









The highest value of pKSP of light REEs (La, Ce, Pr and Nd) is shown by 
praseodymium, representing a minimum solubility, which can be varied depending on the 
solid phase chemistry of RE-phosphates (Liu and Byrne, 1997). Chaliyan et al. (1991) 
have investigated the efficiency of separation of REEs from H3PO4 acid solutions based 
Element 
pKsp = -log Ksp 
Liu and Byrne (1997) Firsching and Brune (1991) Ziya et al. (2005) 
25 oC 25 °C (67-72) °C 23 oC 50 oC 
La 25.7 26.2 26.5 24.7 25.4 
Ce 26.2     
Pr 26.4 26.1 26.5   
Nd 26.2 26.0 25.5 25.8 26.6 
Sm 26.1 26.0 26.6 24.6 24.8 
Eu 25.9 25.8 26.4   
Gd 25.6 25.4 25.8   
Tb 25.3 25.1 26.0   
Dy 25.1 25.2 25.7 (76 oC)   
Ho 25.0 25.6    
Er 25.1 25.8 25.9   
Tm 25.0 26.1 26.2   
Yb 24.8 26.2 26.3   
Lu 24.7 25.4 26.0 (75 oC)   
Y 25.0 24.8  27.9 27.8 




on the solubilities of RE(III)-phosphates. According to their finding, cerium and 
lanthanum had the higher values of separation efficiencies compared to those of heavy 
REEs. This is consistent with the high tendency of heavy REEs to remain dissolved, and 
the solubility product constants of RE(III)-phosphates support this finding. 
2.10.6 Equilibrium Constants Relevant to Association and Precipitation of Non-
Rare Earth Metal Ions  
Appendix 2A lists the dissociation constants of weak acids (Table 2A.1) and 
stability constants for the ion associations of sodium and potassium (Table 2A.2), 
calcium, magnesium and strontium (Table 2A.3), aluminium and iron(III) (Table 2A.4) 
and uranyl (UO2
2+) and thorium(IV) (Table 2A.5) ions with different types of anions, and 
also the equilibrium constants for the precipitation reactions of some cations mentioned 
above (Table 2A.6), which are relevant to the solubility and leaching studies conducted 
in this thesis as outlined in the objectives in Chapter 1.  
2.11 Raman Spectroscopic Studies in Different Aqueous Solutions 
2.11.1 Background 
Raman spectroscopy is used as a powerful spectroscopic technique to show 
evidence for the formation of different aqueous complex species formed between metal 
ions and ligands (Hughes and Poole, 1991). Hence, this technique is very useful to show 
some evidence regarding the formation of aqueous complex species of non-RE and RE 
metal cations in sulphate and phosphate solutions which are relevant to process liquors 
as described earlier. Raman spectroscopy has been used to investigate the formation of 
aqueous complexes or ion pairs of different metal ion solutions of sulphates, hydrogen 
phosphates, molybdates, halides and acetates, at different concentrations varied from      




0.1 mol L-1 to saturation. However, the formation of ion pairs was clearly observed only 
in solutions with moderately high concentration or at saturation, showing the limitations 
of Raman spectroscopy to detect complex species at lower concentrations (Lewis and 
Edwards, 2001). 
The polyatomic molecules or ions investigated using Raman or FT-IR 
spectroscopic studies can be categorized mainly under XY2, XY3 and XY4 types of 
molecules (where X and Y are the central and terminal atoms, respectively). In addition 
to that, some polyatomic molecules and ions are categorized as the derivatives of 
tetrahedral (XY4) type, namely ZXY3 and Z2XY2 (Nakamoto, 2009). The vibrational 
modes of XY2, XY3 and XY4 types are listed in Table 2.15 and those of ZXY3 and Z2XY2 
types are listed in Table 2.16. The assignment of various vibrational modes by previous 
researchers, described in the next few sections of this chapter, will be used to shed more 
light on the complex ion formation between metal ions and ligands relevant to the systems 

















Table 2.15. Vibrational modes of different types of molecules and anions 




1(Σg+), s(XY)  
SiO2 2(u), δd(YXY) 
 


































Abbreviations used in modes are  = stretching,  = in-plane bending or deformation, s = symmetric, as = asymmetric 
and d = degenerate; a1, b2,e, f2, a11 , a112 and e1 are characters 
(Nakamoto, 2009) 




Table 2.16. Vibrational modes of derivatives of tetrahedral (XY4) molecules 


























Nakamoto (2009); (ρ, τ, ω: rocking, wagging, twisting and refer Table 2.15 for other abbreviations) 
 
2.11.2 Ammonium Sulphate, Ammonium Bisulphate and Sulphuric Acid Solutions 
In ammonium sulphate solutions, sulphate ion is considered as a free ion with Td 
(tetrahedral) symmetry, as the possibility of forming sulphate complexes in this solution 
is very low (Rudolph et al., 2000). There are nine modes of internal vibrations in an ion 
with this symmetry. These are represented by: rvib(Td) = a1(R) + e(R) + 2f2(R, IR); R = 
Raman active, IR = IR active (Nakamoto, 2009; Rudolph et al., 2000). The main four 
Raman active modes, namely 1(a1), 2(e), 3(f2) and 4(f2), can be observed in a 
(NH4)2SO4 solution (Table 2.17); 1(a1) mode is totally polarized, while other 3 modes 
are depolarized (Rudolph et al., 2000). The representation of internal vibrations of a 
bisulphate ion, HSO4
-, under C3V symmetry, is: rvib(C3V) = 3a1(R, IR) + 3e(R, IR). Here, 
all six modes are both Raman and IR active (Nakamoto, 2009).  
Myhre et al. (2003) studied a Raman spectrum of a saturated solution of 
(NH4)HSO4 at 25 
oC to obtain bands associated with free HSO4
- ions. The obtained 
spectrum, shown in Figure 2.14a, was fitted with Lorentz-Gaussian line shapes to get the 




centred positions of these six modes at different Raman shifts as listed in Table 2.17. The 
1(a1)-SO4
2- mode appeared at 980 cm-1 due to the presence of a certain fraction of SO4
2- 
ions in this (NH4)HSO4 solution. However, this mode disappeared in the spectrum of 0.85 
mol L-1 (NH4)HSO4, reported by Rudolph and Mason (2001) (Table 2.17). The bands, 
obtained by the deconvolution of Raman spectrum of 29.1% H2SO4 (w/w) solution within 
the wavenumber range of 700-1400 cm-1 (Figure 2.14b), are also listed in Table 2.17. The 
assignment of bands for both HSO4
- and SO4
2- ions in H2SO4 shows the possibility of 





Figure 2.14. Raman spectra of (a) saturated aqueous solution of (NH4)HSO4 at 25 
oC and 
(b) 29.1% H2SO4 (w/w) solution at room temperature (top), deconvoluted spectrum 
(middle) and residual spectrum (bottom); figures from Myhre et al. (2003) 
 
Table 2.17. Assignment of vibrational modes in ammonium bisulphate/sulphate solutions 
and sulphuric acid 
Vibration modes 




(3 M, 22 oC) 
H2SO4 









Myhre et al. 
(2003) 
4(e)-HSO4-, as(SO3) 1202 1192  1190 HSO4- 
3(f2)-SO42-, d(SO)   1110  SO42- 
1(a1)-HSO4-, s(SO3) 
1053 1047  1051 
HSO4- 
1044 1035  1037 
1(a1)-SO42-, s(SO)  980 981.4 983 SO42- 
2(a1)-HSO4-, (S-OH) 898 885  900 HSO4- 
4(f2)-SO42-, d(OSO)   617  SO42- 
[3(a1) + 5(e)]-HSO4-, 
s(SO3) + as(SO3) 
586 593   HSO4- 
2(e)-SO42-, d(OSO)   452  SO42- 
5(e)-HSO4-, as(SO3) 422 425   HSO4- 
Abbreviations are same as the ones used in Table 2.15. 




2.11.3 Phosphoric Acid and Sodium Dihydrogen Phosphate Solutions 
The vibrational modes of the H3PO4 molecule can be assigned under C3V 
symmetry (Table 2.16). Hence, H3PO4 has six modes of internal vibrations and the 
irreducible representation of these vibrational modes is: rvib(C3v) = 3a1(R, IR) + 3e(R, IR); 
R = Raman active, IR = IR active (Nakamoto, 2009; Rudolph, 2012). The modes with 
character ‘a1’ are polarized, while the modes with character ‘e’ are depolarized in Raman 
spectrum. The Raman active modes are: 1(a1) = s[P(OH)3], 2(a1) = (PO), 3(a1) = s 
[P(OH)3], 4(e) =  as [P(OH)3], 5(e) = as [P(OH)3] and 6(e) = ρ[OP(OH)3] (Rudolph, 
2012).  The overlapping of the Raman spectrum of dihydrogen phosphate ion, H2PO4
-, 
formed by the dissociation of H3PO4, with that of H3PO4 has been discussed by Rudolph 
(2012). The vibrational modes of H2PO4
- can be assigned under C2V symmetry, 
considering OH as point masses and the irreducible representation of these vibrational 
modes is: rvib(C2v) = 4a1(R, IR) + a2(R) + 2b1(R, IR) + 2b2(R, IR) (Nakamoto, 2009; 
Rudolph, 2012). Figure 2.15 shows the deconvoluted Raman spectrum of 0.183 mol kg−1 
H3PO4(aq) at 23 °C and the assigned bands for Raman active modes of a dilute NaH2PO4 
solution and this H3PO4 solution are listed in Table 2.18. 





Figure 2.15. Deconvolution of Raman spectrum of 0.183 mol kg−1 H3PO4(aq) at 23 °C 
(figure from Rudolph (2012)); Band assignment:  νs[P(OH)3]-H3PO4 at 891 cm
-1, 
νs[P(OH)2]-H2PO4
- at 877 cm-1, νs[PO2]-H2PO4
- at 1077 cm-1, ν[P=O]-H3PO4 at 1178 
cm−1 and δ[PO–H]-H3PO4 at 1250 cm
-1 
 
Table 2.18. Assignment of vibrational modes in NaH2PO4 and H3PO4 solutions 
Vibration modes 
Raman shift (cm-1) 
Assignment 
NaH2PO4 H3PO4* 
(PO-H) 1245 1250 H2PO4-, H3PO4 
2(a1)-H3PO4, (P=O)  1178 H3PO4 
6(b1)-H2PO4-, as(PO2) 1161  
H2PO4- 
1(a1)-H2PO4-, `s(PO2) 1077.2  
4(e)-H3PO4, as[P(OH)3]  1008 H3PO4 
8(b2)-H2PO4-, as[P(OH)2] 942  H2PO4
- 
1(a1)-H3PO4, s[(P(OH)3]  890.5 H3PO4 
2(a1)-H2PO4-, s[(P(OH)2] 877.1  
H2PO4- 
[3(a1) + 4(a1)]-H2PO4-, [P(OH)2] + [PO2] 515  
3(a1)-H3PO4, s[P(OH)3]  499 
H3PO4 
5(e)-H3PO4, as[P(OH)3]  394.5 
ρ, τ, ω[O2P(OH)2] 393  
H2PO4- 
[9(b2) + 7(b1) + 5(a2)]-H2PO4- 371  
6(e)-H3PO4, ρ[O=P(OH)3]  357 H3PO4 
* Bands for un-dissociated H3PO4 only (no bands assigned for H2PO4-); Conditions: 0.112 mol kg-1 NaH2PO4 at 23 
oC (Rudolph, 2012); 0.183 mol kg-1 H3PO4 at 23 oC (Rudolph, 2012). Abbreviations are same as the ones used in 
Table 2.15 and 2.16. 
 




2.11.4 Aluminium Sulphate and Iron(III) Sulphate Solutions 
a) Aluminium Sulphate 
Aluminium(III) is in the form of hexaaquaaluminium(III) ion, {Al(H2O)6}
3+, in 
an aqueous medium. The vibrational modes of {Al(H2O)6}
3+ can be assigned under Oh 
symmetry, considering H2O as point masses (AlO6 skeleton) and the irreducible 
representation of these vibrational modes is: rvib(Oh) = a1g(R) + eg(R) + 2f1u(IR) +  f2g (R) 
+ f2u (R and IR inactive) (Nakamoto, 2009; Rudolph and Mason, 2001). The reported 
bands were at 525, 438 and 332 cm-1 for 1(a1g)-AlO6, 2(eg)-AlO6 and 5(f2g)-AlO6 
modes, respectively. Rudolph and Mason (2001) investigated the Raman spectrum of a 
0.98 mol L-1 Al2(SO4)3 solution at three different temperatures: 25, 58 and 106 
oC in the 
range of 40 - 1400 cm-1. They observed a band at 1012 cm-1 in these solutions which was 
not observed in (NH4)2SO4 solution (Table 2.17). Thus, the band observed for Al2(SO4)3 
solution was due to the complex formation between Al(III) and sulphate ions. The 
tabulated band positions of this Al2(SO4)3 solution at different temperatures are shown in 
Table 2.19. The sulphur atom of the sulphate ion, that enters the inner hydration sphere 
of aluminium, is directly bonded to aluminium through an oxygen atom by replacing one 
water molecule in the hydration sphere (Rudolph et al., 2000). Due to this replacement of 
sulphate ions, the Oh symmetry of {Al(H2O)6}
3+ is distorted. Thus, the sulphate ions in 
the medium are classified as free-sulphates and complexed-sulphates. The sulphate 
complexation is an endothermic process and hence, it is favourable at high temperatures 
(Rudolph et al., 2000). More bands for sulphate complexations at high temperatures can 
be observed from Table 2.19. 
 




Besides the bands observed for sulphate complexations, bands related to 
bisulphate ions (HSO4
-) and {Al(H2O)6}
3+ in the Al2(SO4)3 solutions have also been 
assigned in Table 2.19. Moreover, the high intensities of the bands, including new bands 
related to the HSO4
- ion, were observed at high temperature. The HSO4
- ion is formed by 
the reaction between hydronium ion (H3O
+), resulting from the water hydrolysis by 
{Al(H2O)6}
3+, and SO4
2- ion (Reaction 2.13 and 2.14). High temperatures facilitate this 
hydrolysis process (Rudolph and Mason, 2001).  
{Al(H2O)6}
3+  +  H2O ↔ {Al(H2O)5(OH)}




+ +  SO4
2− ↔ HSO4
− +  H2O (2.14) 
 
 
Table 2.19. Assignment of vibrational modes in aluminium sulphate solutions  
Vibration modes 
Raman shift (cm-1) Assignment 
25 oC 58 oC 106 oC  
   1250 Sulphate complex 
   1155 Sulphate complex 
s (SO), 1(a1)-HSO4
- 1054 1054 1054 HSO4
- 
 1011 1010 1010 Sulphate complex 
s(SO), 1(a1)-SO4
2- ~ 983 983 981.5 SO4
2- 
(S-OH), 2(a1)-HSO4
- - 892 886 HSO4
- 
  668 668 Sulphate complex 
(Al-O), 1(a1g)-AlO6 525 490, 525 490 Al(H2O)6
3+ 
s (SO3), 3(a1)-HSO4
-   585  HSO4
- 
2(eg)-AlO6 438
a   {Al(H2O)6}
3+ 
  365 365 Sulphate complex 
5(f2g)-AlO6 332
a   {Al(H2O)6}
3+ 
Data from Rudolph and Mason (2001). Conditions:  0.98 mol L-1 Al2(SO4)3; a. 0.50-3.14 mol L-1 AlCl3 solutions at 









b) Iron(III) Sulphate 
Iron(III) is also in the form of hexaaquairon(III) ion, {Fe(H2O)6}
3+ in an aqueous 
medium (Garg and Singh, 2015) and hence, vibrational modes of {Fe(H2O)6}
3+ can be 
assigned under Oh symmetry, considering H2O as point masses (FeO6 skeleton) like in 
{Al(H2O)6}
3+. Sobron et al. (2007) have conducted Raman spectroscopic analysis of a 
series of solutions containing 0.090 mol kg-1 H2SO4 and FeCl3 in the 0.01-1.5 mol kg
-1 
range at 23 oC. The bands, obtained for SO4
2-, HSO4
- and sulphate complexes from this 
study are listed in Table 2.20. It has been suggested that a shoulder, observed in ferric 
sulphate solution at 1005 cm-1, was due to the formation of ferric sulphate aqueous 
complex because of the strong interactions between iron(III) and sulphate ions. The 
sulphate ion was considered as a monodentate ligand as well as a bidentate ligand 
depending on the nature of the inclusion of oxygen atoms of SO4
2- in the {Fe(H2O)6}
3+ 
aqueous complex. When iron(III) concentration was higher than 0.1 mol kg-1, the splitting 
of 2(e)-SO4
2- at 450 cm-1 into two bands at 420 cm-1 and 480 cm-1 was due to the sulphate 
complexation, where SO4
2- has behaved as a bidentate ligand. Furthermore, a band at 315 
cm-1 was due to the stretching vibration of the Fe-O bond of the sulphate complex (Sobron 
et al., 2007).  






-}. However, the latter two 
complexes can be observed in solutions which have very high sulphate concentrations 
(Lister and Rivington, 1955). Casas et al. (2005) conducted Raman spectroscopic studies 
in mixtures of 2.2 mol kg-1 H2SO4 and FeH(SO4)2, containing 0-1.3 mol kg
-1 Fe(III) at 25 
oC and 50 oC. The existence of {FeH(SO4)2}
0 aqueous species in the solutions with iron 
concentration higher than 0.64 mol kg-1 can be suggested based on the appearance of 
bands at 242-276 cm-1. 




Table 2.20. Assignment of vibrational modes in iron(III) containing H2SO4 solution  















2- 420, 480 SO4
2- 
(Fe-O) 315 Fe(H2O)6-n(O)n formation 
Data from Sobron et al. (2007). Conditions: H2SO4 = 0.090 mol kg-1; FeCl3 = 0.01-1.5 mol kg-1; 23 oC 
Abbreviations are same as the ones used in Table 2.15. 
 
 
c) Comparison between Al(III) and Fe(III) 
Gregory (2006) compared the equilibrium constants for the hydrolysis of Al3+ and 
Fe3+ at 25 oC and zero ionic strength. The equilibrium constants, related to the hydrolysis 
reactions (Reaction scheme 2.15), are listed in Table 2.21, which indicates higher 
hydrolysing power of Fe3+ compared to that of Al3+. Hence, more bands in the Raman 
spectra of sulphate solutions of Fe3+ over Al3+ are expected due to more                   
{M(H2O)6-n(OH)n}




3+ + H2O =  {M(H2O )5(OH)}
2+ +  H3O
+   , M =  Al or Fe  (K1) 
(2.15) 
{M(H2O )5(OH)}
2+ +  H2O =  {M(H2O )4(OH)2}
+    +  H3O
+(K2) 
{M(H2O )4(OH)2}
+   +  H2O =  {M(H2O )3(OH)3}
0 +  H3O
+(K3) 
{M(H2O )3(OH)3}




Table 2.21. Equilibrium constants for stepwise hydrolysis of Al3+ and Fe3+ at 25 oC 
Metal ions pK1 pK2 pK3 pK4 
Al3+ 4.95 5.6 6.7 5.6 
Fe3+ 2.2 3.5 6.0 10 
Reference: Gregory (2006). Equilibrium constants are based on Reaction scheme 2.15 




2.11.5 Trivalent Rare Earth Sulphate Solutions 
Rare earth metal ions are in the form of aqua complexes with different 
coordination numbers (CN), namely nona-hydrated {RE(H2O)9}
3+ and octa-hydrated 
{RE(H2O)8}
3+ aqua complexes, having symmetries of tricapped trigonal prismatic (CN = 
9, Figure 2.16) and square antiprismatic (CN = 8), respectively, in the absence of strongly 
coordinating anions. The {RE(H2O)9}
3+ complexes are formed by La3+, Ce3+, Pr3+, Nd3+, 
Sm3+ and Eu3+ ions, while {RE(H2O)8}
3+ complexes are formed by Dy3+, Ho3+, Er3+, 
Tm3+, Yb3+ and Lu3+ ions. The other ions (Gd3+ and Tb3+) form mixtures of both 
complexes. However, the presence of Lu3+ in the form of a 9-coordinate complex has also 
been reported (Forsyth and Hinton, 2014). Buzko et al. (2011) reported that Ce3+, Pr3+ 
and Nd3+ ions are in the nona-hydrated form, while Sm3+ and Eu3+ ions are in both octa-
hydrated and nona-hydrated forms.  
 
Figure 2.16. Tricapped trigonal prismatic geometry of {Ln(H2O)9}
3+ complexes, Ln = 
lanthanides (figure by Furet et al. (2008)) 
 
The vibrational modes of {La(H2O)9}
3+ can be assigned under D3h symmetry, 
considering H2O as point masses (LaO9 skeleton). Twenty four normal modes can be 






/(R, IR) + a//1 + 3a
//
2(IR) + 3e
//(R) (Nakamoto, 2009; Rudolph 




and Irmer, 2015). Two stretching modes and a bending mode are related to character a/1 
and these modes are only Raman active.  The infrared and Raman active modes (two 
stretching modes and three bending modes) are related to character e/. Moreover, three 
modes of characters a//2 and e
// are only infrared or Raman active, respectively (one 
stretching mode and two bending modes for each character). The modes of other 
characters (a/2 and a
//
1) are inactive. The band of 1(a
/
1)-LaO9 (symmetric La-O stretching 
mode) has been reported at 343 cm-1 in a solution of 0.249 mol L-1 La(ClO4)3 solution. In 
general, other vibrational modes of {La(H2O)9}
3+ are very weak to identify in the 
corresponding bands in Raman spectra (Rudolph and Irmer, 2015). 
The sulphate complexation of lanthanum(III) ion is an endothermic process. This 
complex formation occurs through the formation of outer-outer sphere complexes 
{La(H2O)2SO4}
+  by combining fully hydrated ions, followed by the successive removal 
of two water molecules to form an outer-sphere complex {La(H2O)SO4}
+   and   inner-
sphere complex {LaOSO3}
+, respectively (Rudolph and Irmer, 2015). Reaction scheme 
2.16 shows this stepwise sulphate complexation. The sulphate ion acts as a bidentate 






The assigned modes of the Raman spectrum of 0.0376 mol L-1 La2(SO4)3 solution 
are listed in Table 2.22. The bands can be assigned for all vibrational modes of sulphate 
ion and symmetric stretching of La-O in {La(H2O)9}
3+. In addition to that, the formation 




of inner-sphere and outer-sphere sulphate complexes can be identified from the bands at 
991 cm-1 and 312 cm-1, respectively.    
Table 2.22. Assignment of vibrational modes in a La2(SO4)3 solution 























312 Sulphate complex 
Outer-sphere complex, {La(H2O)SO4}
+ 
Solution concentration = 0.0376 mol L-1; data from Rudolph and Irmer (2015)  
 
2.12 Solid Characterization Techniques 
2.12.1 Background 
The characterization techniques are classified as qualitative and quantitative 
techniques. The structure, morphology and chemical composition of a surface are 
considered as surface characteristics of mineral particles and they have a major influence 
on the metallurgical processing routes. Different types of instruments under spectroscopic 
(infrared, Raman, and X-ray photoelectron), electron microscopic (scanning electron 
microscopy and transmission electron microscopy) and probe microscopic (scanning 
tunnelling microscopy and atomic force microscopy) techniques can be used for the 
surface characterization of minerals (Erdemoğlu and Balaž, 2012) which may have 
undergone mechanical activation to refresh the surface.  Some of these techniques can 
also be used to determine the elemental composition of the mineral surface.  
The bulk chemical compositions of the minerals can be obtained by several 
spectroscopic techniques, namely atomic absorption spectrometry, inductively coupled 




plasma-optical emission/atomic emission/mass spectrometry, neutron activation analysis 
and X-ray fluorescence spectroscopy (Liritzis et al., 2011). They can be classified as non-
destructive or destructive techniques.  Some of these characterization techniques may 
need prior digestion as discussed below. The techniques used in the analysis conducted 
in the systems considered in this thesis are described below. 
2.12.2 Inductively Coupled Plasma Spectroscopy 
The Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and 
Mass Spectroscopy (ICP-MS) are two well-known techniques in quantitative multi-
element analysis. These two techniques can be applied to natural water, saline brines, 
geological materials, ceramics and glasses, coals and paper products and leachates to get 
the elemental compositions (Gong, 2008). The ICP-MS technique has a superior 
detection capability compared to that of ICP-AES technique and therefore, it is widely 
used for the determination of rare earth (RE) metal ion contents in geological samples. 
The ICP-MS has a detection limit range of < 0.1-1.0 ppt (parts per trillion i.e. µg m-3) for 
RE elements (Simirnova et al., 2003; Wolf, 2005). The detection limits can be varied, 
depending on the types of acid digestion techniques, used in sample preparation (Bureau 
Veritas Minerals Service Guide, 2016).  Most of the mineralogical compositions of 
fluorapatite and rare earth phosphate minerals discussed in this thesis are based on these 
two techniques. 
2.12.3 X-Ray Diffraction  
The X-ray diffraction (XRD) patterns of a powder (in general) is a widely used 
non-destructive technique for the identification of the minerals and their crystalline 
character (Jorjani et al., 2007; Sharma et al., 2012). This can be classified as a qualitative 
and quantitative analytical technique (Garrison, 2003). The relative peak intensities and 




the mineral crystalline structure are the two factors considered in the identification and 
classification process of the abundance of minerals (% w/w), namely major (> 30%), 
moderate (10-30%), minor (2-10%) and trace (< 2%) groups (SGS Mining, 2016).  The 
different phases of a mineral sample or solid compound can be identified by the 
comparison with standard XRD patterns and the relative estimation of the proportion of 
identified phases are based on the comparison of peak intensities (Connolly, 2012).  
2.12.4 Scanning Electron Microscopy and Energy Dispersive Spectroscopy  
The scanning electron microscopy (SEM) is a qualitative and non-destructive 
analytical technique and it performs surface analyses and the identification of different 
textures based on the morphology of a sample mixture (Hanna, 2011).  The determination 
of the grain size, mineral intergrowth and the distribution of particular elements like REEs 
in mineral phases are the important findings which can be obtained from SEM images to 
design a suitable method to extract the desired phases (Jorjani et al., 2007). The energy 
dispersive spectroscopy (EDS) is considered as a semi-quantitative and non-destructive 
analytical technique. The elemental composition of a selected area in the SEM image can 
be obtained when the SEM is equipped with EDS (Belin-Ferré, 2010). 
2.12.5 Fourier-Transform Infrared Spectroscopy and Raman Spectroscopy 
The Fourier-Transform Infrared Spectroscopy (FT-IR) and Raman Spectroscopy 
(RS) are widely used techniques for mineral characterization and they can be used for 
different types of minerals composed of IR and Raman active groups such as sulphates, 
phosphates, carbonates, oxides and silicates (Nakamoto, 2009). The information about 
the nature and the composition of pathological mineral deposits can be accurately known 
by FT-IR and Raman spectroscopic techniques (Amjad and Demadis, 2015). The FT-IR 
and Raman spectroscopic techniques are sensitive tools for mineral identification. Non-




destructivity, no sample preparation, and measurability of bands below 400 cm-1 are the 
advantages, while the lower sensitivity is the disadvantage of Raman spectroscopy over 
FT-IR spectroscopy (McMillian and Hofmeister, 1988). The FT-IR and Raman 
spectroscopic analysis of fluorapatite and RE-phosphate minerals are discussed in this 
thesis under the topic of mineralogy.  
The vibrational modes of all types of anions and molecules, discussed under FT-
IR and Raman spectroscopic studies throughout the thesis, are listed in Table 2.15 and 
2.16. The regions of the assigned bands of vibrational modes of phosphate and carbonate 
groups in different inorganic compounds and mineral samples by Nakamoto (2009) under 
FT-IR and Raman spectroscopic investigations are listed in Table 2.23 and 2.24. The 
assigned bands for calcite (Nakamoto, 2009) and fluorapatite (Santos and Clayton, 1995; 
Williams and Knittle, 1996) are in these regions. The appearance of bands for 3(e
1) CO3
2- 
vibration mode at 1427 cm-1 and 1455 cm-1 and bands for 2(a
11
2) CO3
2- at 871 cm-1 in 
FT-IR spectrum is very important for the identification of carbonate-fluorapatite. 
Moreover, a peak, related to carbon, appearing in the energy dispersive spectroscopic 
(EDS) pattern of FAP is a qualitative identification for the existence of carbonate-FAP in 
















Assign: Nakamoto (2009) 
Williams and 
Knittle (1996) 
Santos and Clayton (1995) 
Inorganic 
Compounds 
Calcite fluorapatite fluorapatite 
d(P-O), 
3(f2)-PO43- 
1000-1080  1038, 1097 
(1040, 1075, 1095) or 




520-610  570, 600 (566, 574, 603) or  
(565, 580, 605) 
(CO3), 
2(a112)-CO32- 









680-750 706   
Abbreviations used in modes are : stretching, : in-plane bending or deformation, s: symmetric, as: asymmetric and 
d: degenerate; a1, a112, e and e1 are characters 
 




Raman shift (cm-1) 
Assignment 




s(P-O), 1(a1)-PO43- ~ 960  968 
PO43- 
d(O-P-O), 2(e)-PO43- ~ 450  447 
d(P-O), 3(f2)-PO43- 1000-1080  1034, 1061 
d(O-P-O), 4(f2)-PO43- 520-610  580, 611 
s(C-O),1(a11)-CO32- 1020-1090 1087  
CO32- d(C-O),3(e1)-CO32- 1420-1480 1432  
d(OCO), 4(e1)-CO32- 680-750 714  
Abbreviations are same as ones used in Table 2.23. 
 
2.12.6 Thermogravimetric Analysis and Differential Scanning Calorimetry  
The thermogravimetric analysis (TGA) measures the variation of mass of a solid 
sample as a function of temperature, while differential scanning calorimetry (DSC) 
measures the quantity of heat flow of a solid sample and the direction of heat flow 
(exothermic or endothermic) with the variation of the sample temperature. Both heat flow 
and the mass variation can be investigated simultaneously using TGA equipped with 
DSC. The hydration number and water content of the solid compounds can be obtained 




by the mass loss in TGA and the melting point can be obtained by DSC data (Harris and 
Rusch, 2013). 
2.13 Dissolution Kinetics  
2.13.1 General Background 
The main objectives of studying the dissolution kinetics are: (i) to examine the 
factors which affect the rate of leaching of a selected metal ion or a group of metal ions 
from the solid phase, (ii) to use initial rates of the dissolution to determine the reaction 
orders with respect to reagents such as acids, background reagents and various ligands 
and (iii) to analyse the rate data based on various kinetic models to rationalise the reaction 
mechanism(s) for the dissolution of various metal ions. For example, detailed kinetic 
studies of particle dissolution will reveal whether the surface reaction continues as a 
chemical reaction without leaving any insoluble products (shrinking sphere) or whether 
the dissolution takes place through a surface product layer, growing with time (shrinking 
core), as described by Levenspiel (1972).  
The dissolution kinetics of minerals such as FAP or phosphate concentrates can 
be investigated using two techniques, namely rotating disc studies and particle leaching 
studies. The surface area of the mineral is expected to remain relatively unchanged 
throughout the dissolution period in rotating disc studies. However, in the case of particle 
leaching in a batch study, using a suspended solid sample of narrow size range, the surface 
area can remain relatively unchanged or decrease with time during leaching, depending 
on the mechanism of the leaching reaction, which can be modelled using the well-known 
shrinking sphere or shrinking core kinetic models. In both cases, a reliable comparison of 
the dissolution rates is based on “initial rate”, if there is no significant change in the initial 
concentration of reagent(s). 




The dissolution of a mineral or a solid in a solution can be divided into simplified 
steps as follows: 
(i)  transport of reactants in bulk solution to the solid-liquid interface;  
(ii) adsorption of the reactants to the surface; 
(iii) chemical reaction at the surface; 
(iv) desorption of soluble products from the surface; 
(v) transport of reactants or soluble products away from solid –liquid interface 
and/or through a growing porous solid film. 
The steps (i) and (v) are termed transport processes.  They are controlled, in an 
unstirred system, by the rates of the diffusion of the solute species and, in a well stirred 
system, by the hydrodynamics. Steps (ii), (iii) or (iv) are considered as the important 
step(s) in a chemical controlled process. If steps of the transport process, (i) or (v), are 
slower than those of the chemical process, (ii), (iii) and (iv), then the reaction rate is said 
to be mass transport or diffusion controlled. On the other hand, if any step of the chemical 
processes is slower than that of transport process, the reaction rate will be considered as 
chemical or surface controlled. The reaction rates are generally controlled by both 
transport and chemical processes (Burkin, 2001; McConnel, 1978). Product layers are 
formed on the mineral surfaces in some dissolution (or leaching) reactions and the 
kinetics of these reactions will vary depending on the geometry of the solid, namely flat 
surface or spherical particles (Habashi, 1999). 
 




2.13.2 Rotating Disc Studies 
a) Theoretical Background 
It has been considered in Nernst theory (Habashi, 1999) that the rate of dissolution 
processes is controlled by the rate at which the reactant reaches the interface (transport 
controlled) across a thin, stationary layer of liquid of thickness δ. The concentration 
gradient between the uniform concentration of the reactant in the bulk of the solution “cb” 
and the concentration of the reactant at the interface “ci” exists through this liquid layer 
and it is expressed by (cb-ci)/δ.  




= DA(cb − ci)/Vδ                     (2.17) 
where, - dc
dt
 = rate of change of concentration of the reactant in the bulk, D = diffusion 
coefficient of the reactant, A = geometric (or apparent) surface area of the dissolving 
solid and V = volume of the solution in contact with dissolving solid. 
 
The first-order rate constant k is given by Equation 2.18 and the observed rate 
constant per unit area at unit volume (k∗) is given by Equation 2.19. 
k = DA/Vδ                                 (2.18) 
k∗ = kV/A =  D/δ                     (2.19) 
The values of k∗ can be found experimentally and if D of a reactant is known, δ 
can be calculated from Equation 2.19. 




The assumptions made in Nernst’s theory are not very accurate (Burkin, 2001) 
and the main objection is the assumption that the diffusion layer is stationary with respect 
to the solid surface. Convective diffusion occurs, when a reactant is transported in a 
moving liquid and this diffusion is a combination of the diffusion of the reactant, resulting 
in the concentration gradient and carrying the reactant by the moving liquid. Levich and 
Gregory and Riddiford (McConnel, 1978) proposed (Equation 2.20) to determine the 
thickness of Nernst diffusion layer for a convective diffusion which occurs in the case of 







2                     (2.20) 
where δ = thickness of the Nernst diffusion layer,  = kinematic viscosity of the fluid 
and ω = angular velocity of the disc.  
The requirements to apply this equation can be summarized as follows: 
(i) a disc, rotating around a central axis, perpendicular to its surface plane; 
(ii) sufficient radius of the disc to make insignificant effects of the disc edge; 
(iii) non-turbulent fluid flow 
The rate of a dissolution reaction should be directly proportional to the square root 
of the angular velocity for a transport controlled process, based on the comparison of 
Equation 2.17 and 2.20. Equation 2.21 can be used to find out the nature of the dissolution 
reaction (transport controlled or chemically controlled): 
r = Kωn (2.21) 
 
where r = dissolution rate, K = a constant and ω = angular velocity of the disc.  




The dissolution will become a chemically controlled process if the value of n is 
zero, while n is 0.5 for a transport controlled process. However, when both chemical and 
diffusion processes are responsible for the control of the dissolution rate, n varies from 0 
to 0.5, depending on the extent of contribution (McConnel, 1978).  
The temperature dependence of the dissolution rate is another indicator of the 
nature of the dissolution reactions, depending on the value of the apparent activation 
energy, obtained using the Arrhenius equation (Equation 2.22) (McConnel, 1978), 
 







where k = rate constant, A = pre-exponential factor, Ea = activation energy of the 
dissolution reaction (kJ mol-1), T = absolute temperature and R = gas constant. 
Crundwell (2014a) has reported the Arrhenius equation in terms of the rate 
(Equation 2.23), 
 







   (2.23) 
 
where k1 = rate constant, [c] = activity or concentration of a reagent in solution and n = 
order of the dissolution reaction. 
            
The dissolution of a mineral as a diffusion controlled phenomenon (transport 
controlled) or as a chemically controlled phenomenon can be identified from the values 
of the activation energy (Ea) associated with dissolution reactions. Some researchers have 
noted that if Ea is higher than or equal to 34 kJ mol
-1 the dissolution reaction is a 
chemically controlled process, while a diffusion controlled process is characterised by Ea 




< 20 kJ mol-1 (Vaughan and Wogelius, 2013). However, the activation energy values can 
only be used as a guide for differentiating the two different systems. 
b) Application to FAP Dissolution 
Dissolution of FAP can be either diffusion or chemically controlled in acidic 
solutions (Dorozhkin, 2012). Sluis et al. (1987) reported that the rate of digestion of FAP 
in H3PO4 is controlled by the diffusion of calcium ions from the solid phase to the 
solution. The calculated mass transfer coefficients for the diffusion of Ca(H2PO4)2 into 
the solution medium were in the range of 5 x 10-5 to 10 x 10-5 m s-1. Sinirkaya et al. (2010) 
have also found that the dissolution process of phosphate ore in H3PO4 was controlled by 
calcium ion diffusion as the rate controlling step at the solid-liquid interface. The 
activation energy of this dissolution process was reported as 16-20 kJ mol-1. Moreover, 
the calculated mass transfer coefficient of calcium ions by Sinirkaya et al. (2010), 
following the kinetic model, proposed by Sluis et al. (1987), varied in the range of 2.8 x 
10-3 to 28.5 x 10-3 m s-1.  
The activation energy for the leaching of FAP particles in H3PO4 solutions 
(Brahim et al., 2008) changed with temperature:  20 kJ mol-1 below 45 oC and 101 kJ mol-
1 at higher temperatures, suggesting diffusion controlled and chemically controlled 
phenomenon, respectively. Harouriya et al. (2007) reported the Ea value as 46 kJ mol
-1 
for the dissolution of natural FAP particles in closed reactors at a temperature range of 5-
50 oC (pH =1-6).  Based on the finding of rotating disc studies using a natural FAP crystal 
sample, the activation energy ranged from 25.1 to 37.6 kJ mol-1 for the dissolution of FAP 
in H3PO4 (pH = 2.0-4.0). This range of values and the decrease of Ea at elevated 
temperatures are characteristic to a diffusion controlled phenomenon in aqueous solution 
systems (Huffman et al., 1957). Yartasi et al. (1994) reported 21.4 kJ mol-1 as the 




activation energy for the dissolution of a phosphate ore in SO2 saturated water at 15 
oC 
(Table 2.26), according to the chemical reaction shown in Equation 2.24. 
 
Ca10(PO4)6F2(s) + 14SO2(g) + 14H2O(l)  
= 10Ca2+(aq) + 6H2PO4-(aq) + 14HSO3-(aq) + 2HF(g) 
(2.24) 
 
c) Initial Dissolution Rates and Reaction Orders 
The dissolution of minerals which involves two or more different phases (Bethke, 
2008) follow several different steps as described in Section 2.13.1. The initial rate at t→0 
can be used to investigate the dissolution process. The mineral dissolution in an acid is 
given by the following general reaction: 
Mineral + aH+  ↔ xMm+ + other products (2.25) 
 
 where Mm+ is a metal cation, dissolved from the mineral. The calcium ion is the metal 
cation, which dissolves in the case of FAP in different acids according to the reactions in 
Table 2.25. The dissolution rate of a mineral is equal to the change in concentration of 
Mm+ with time (Vaughan and Wogelius, 2013). Considering a situation far from 
equilibrium, the rate of this reaction is: 
d[Mm+]
dt
=  rate = k[H+]n 
(2.26) 
 
where k = rate constant and n = order of the reaction with respect to concentration (or 
activity) of H+ ions. The value of n can be any positive value.  
 












Wang et al. (2010) 
2.28 Ca10(PO4)6F2 + 20HNO3 = 6H3PO4 + 2HF +10Ca(NO3)2 
Habashi (1998); Li et 
al. (2006); Jorjani et 
al. (2011) 
2.29 Ca10(PO4)6F2 + 20HCl = 6H3PO4 + 2HF +10CaCl2 
Zafar et al. (2006); 
Dorozhkin (2012) 
2.30 Ca10(PO4)6F2 + 14H3PO4 = 2HF +10Ca(H2PO4)2  
Zafar et al. (2006); 
Habashi (1998); 
Wang et al. (2010); 
Antar and Jemal, 
(2008) 
2.31 Ca10(PO4)6F2 + 14H3PO4 = 2HF + 10Ca(H2PO4)+ + 10H2PO4- Brahim et al. (2008) 
 
Likewise, Chaïrat et al. (2007) and Guidry and Mackenzie (2003) reported that 
the rate equation for the dissolution of FAP in acidic solutions can be expressed by:  
r+ = k aH+
n  (2.32) 
 
where r+ = dissolution rate of FAP, k = rate constant, aH+ = proton activity and n = 
reaction order. The reaction orders with respect to proton concentration varied with the 
solution pH: 0.9 at pH ≤ 7 and 0.5 at pH ≥ 10. These reaction orders were based on the 
slopes of the graphical plot of log r+ as a function of pH. Guidry and Mackenzie (2003) 
have reported this reaction order as 0.8 in the pH range:  2 < pH < 5.5. Similar plots for 
the dissolution rate of natural apatite revealed a reaction order of 0.6.  The reaction order 
was independent of the temperature (Harouiya et al., 2007). 
Crommelin et al. (1983) investigated the dissolution rates of fluorapatite, 
hydroxyapatite and a mixture of fluorapatite and hydroxyapatite in 0.1 mol L-1 acetate 
buffer at pH = 4.5, ionic strength = 0.5 and different rotation speeds, using the compressed 
pellets of these mineral samples as the discs.  The results indicated that the dissolution 




rates of fluorapatite pellets of 90% (w/w) purity were significantly slower than those of 
hydroxyapatite pellets. Moreover, the dissolution rates of fluorapatite mineralized 
hydroxyapatite crystals were significantly lower since fluorapatite was controlling the 
rate of dissolution. On the other hand, a relatively low negative impact of fluorapatite on 
the dissolution of hydroxyapatite caused high dissolution rate in mixtures of fluorapatite 
and hydroxyapatite.  
The dissolution rates of natural fluorapatite were calculated in solutions of H3PO4 
at 25 oC using the rotating disc method (Huffman et al., 1957). The initial dissolution 
rates were 3.96, 1.82, 0.385, 0.207 and 0.014 µg cm-2 s-1   in H3PO4 solutions of pH 0.5, 
1.0, 2.0, 2.3 and 4.0, respectively, showing a detrimental effect of high pH on the 
dissolution rates. The dissolution of fluorapatite was found to be a diffusion controlled 
process based on the beneficial effect of the increase in rotation speed on the dissolution 
of a fluorapatite crystal in solutions of H3PO4. 
Crundwell (2014a, 2014b) has reported that the dissolution reactions of different 
types of minerals such as oxides, hydroxides, silicates, carbonates and sulphides in HCl, 
HNO3, HClO4, H2SO4, H3PO4 and H2C2O4 demonstrated different reaction orders in the 
range of 0.33-1.0, with respect to H+ concentration. The dissolution mechanisms of 
minerals composed of one type of metal cation and one type of anion (MaAn type), have 
been modelled by Crundwell (2014a) in both acidic and alkaline solutions and the 
proposed models have predicted a series of values for the reaction order (0.25, 0.5, 1.0 
and 1.5) with respect to activity or concentration of H+ or OH- ions in the solutions. 
Moreover, the reaction order of the dissolution of these types of minerals with respect to 
an anion concentration has been found as 0.5 by considering the effect of complex 
forming anions on the rate of dissolution, showing the significance of the ion association 
on the dissolution of minerals. These results suggest that the reaction orders of the 










-) type acids can be expressed with respect to activity or concentration of H+ and 
X- in some cases, due to the formation of MX(n-1) complexes, described previously in this 
chapter. Such information is very important in rationalising the rate data and the 
dissolution mechanism of FAP in different acid types which will be discussed in Chapter 
8.  
d) Parabolic Rate Law 
If the dissolution kinetics of a metal (ion) from a flat rotating disc is controlled by 
the diffusion of a reactant through a porous product layer formed on the disc, the rate is 
given by Equation 2.33 (Habashi, 1999), where  l = thickness of the product layer,  m = 
mass of the product layer at time t, M = molar mass of mineral assuming the same density 
of mineral and the product layer, α = stoichiometric factor, A = surface area of the disc, 
C = concentration of the reagent, D = diffusion coefficient through the product layer and 
 = density. When C is a constant due to the continuous supply of the reagent, then it 
simplifies to Equation 2.34. Considering zero product layer formation at t = 0, where t0 =
0 and m0 = 0, it can be further simplified to Equation 2.35 or 2.36, known as the 




) as a function of t1/2 should give a straight line through the origin (Equation 2.36). 





 is square root of the parabolic rate constant (k1/2). 
Considering FAP mineral, m is proportional to the reacted fraction of FAP and Equation 
2.35 simplifies to Equation 2.36. The dissolution reaction of FAP with H+ in acidic 
solutions is given by Equation 2.37, which changes Equation 2.36 to Equation 2.38. The 
natural logarithmic relationship of Equation 2.38 is given by Equation 2.39:  
 















































t1 2⁄  (2.36) 
(Ca or P or F) + aH+ = products (2.37) 
(














, α =  
1
a
  (2.38) 








n(Ca or P or F)
A
 = dissolved Ca, P or F per unit surface area (mol m-2), [H+] = 
concentration of H+ (mol m-3), k = parabolic rate constant (mol2 m-4 s-1), DH+ = diffusion 
coefficient of H+ (m2 s-1),  = density of FAP (g m-3), a =  stoichiometric coefficient of 
H+ ion and MFAP = molar mass of FAP (g mol
-1). The diffusion coefficient of H+ ions 
through the product layer, built up on the FAP disc surface, can be calculated by equating 





 (Equation 2.38). If the parabolic rate 
constant (k) depends only on the H+ ion concentration in different solution media, the 
logarithmic plot of k as a function of [H+] should show a slope of 1 according to Equation 
2.39.  
 




Thus, the rotating disc studies with FAP in different acids conducted in this study 
provide useful information on the reactivity of different acids as described in Chapter 8. 
2.13.3 Particle Leaching Studies 
The parabolic rate law cannot be applied when the solids are in the form of spheres 
due to continuous decrease of the surface area during the dissolution (Habashi, 1999).  
Two mathematical models can be applied, namely shrinking sphere (particle) model and 
shrinking core model, depending on the different rate limiting steps. 
a) Shrinking Sphere (Particle) Model 
This model can be applied to a system in which the rate of dissolution is controlled 
by the chemical reaction taking place on the particle surface or the rates of transport of 
reactants to the particle surface (Burkin, 2001). The general equation of this model for a 
set of spherical particles with similar initial sizes can be expressed by Equation 2.40, 
where X is the fraction dissolved after time t (s), kap = apparent rate constant (s
-1), b = 
stoichiometric factor, c = concentration of reactant (mol cm-3), ρ = molar density (mol 
cm-3) of the dissolving metal ion in the particle, d = particle diameter (cm) and ki = 
intrinsic rate constant of the surface reaction (cm s-1).  
 
1 − (1 − X)1 3⁄ =  (
2bcki
ρd
) t = kapt (2.40) 
 
If a particle leaching process obeys the shrinking sphere model, the plot of  1 −
(1 − X)1 3⁄  as a function of  t should give a straight line which goes through the origin 
and the slope gives the apparent rate constant kap. In the case of the shrinking sphere 
model, the activation energy can be determined using kap in the Arrhenius equation. The 




characteristics of the chemically controlled leaching reaction are: (i) high temperature 
dependency of the rate with high activation energy (> 40 kJ mol-1), (ii) independency of 
the rate from hydrodynamic conditions and (iii) the variation of the reaction order in the 
range of 0-2 with respect to reactant concentration (Pugaev, 2011).  
b) Shrinking Core Model 
This model can be applied to a system in which the dissolution reaction is 
controlled by the diffusion of the reactant through a porous product layer, left or formed 
on the particle surface (Burkin, 2001). The general equation of this model for a set of 
spherical particles with similar initial sizes can be expressed by Equation 2.41a or 2.41b, 
where, D = diffusivity (cm2 s-1) of the species through a product layer and ε = particle 
porosity (Georgiou and Papangelakis, 1998).  
1 − 3(1 − X)2 3⁄ +  2(1 − X) =  (
6bDc
(1 − ε)ρd2
) t = kapt (2.41a) 













If a particle leaching obeys a shrinking core model, the plot of  1 − 3(1 − X)2 3⁄ +
 2(1 − X) as a function of t should give a straight line, which goes through the origin, and 
the slope gives the apparent rate constant kap. The leaching reactions, controlled by the 
transport (or diffusion) of the reactant to the particle surface, are characterised by (i) low 
activation energy (8-25 kJ mol-1), (ii) dependency of the rate on the hydrodynamic 
conditions, and (iii) reaction order of 1 with respect to the reactant concentration (Pugaev, 
2011).  




c) Application to Fluorapatite Leaching  
Production of phosphoric acid utilises the reaction of FAP in excessive amounts 
of sulphuric acid, known as the “wet process” (Wang et al., 2010).  The precipitation of 
a mixture of hemihydrate and dihydrate (phosphogypsum) of calcium sulphate occurs in 
the hemihydrate-dihydrate process (Habashi, 2013) according to the general reaction 
given by Equation 2.27 (Table 2.25) or 2.42.  
 
Ca10(PO4)6F2  + 10H2SO4 + 10xH2O = 10(CaSO4. xH2O) + 6H3PO4 + 2HF   
(x =  2 or 0.5) 
(2.42) 
 
The precipitation of hemihydrate above 80 oC (hemihydrate process) and 
dihydrate below 80 oC (dihydrate process) produces 30% and 60% phosphoric acid, 
respectively. This appears to follow the solubility behaviour of different calcium 
sulphates at different temperatures in the range of 0-250 oC in Figure 2.17 from Freyer 
and Voigt (2003). 
 
 
Figure 2.17. Effect of temperature on solubility of calcium sulphate in water (Freyer 
and Voigt, 2003) 
 




The formation of different calcium sulphate salts (anhydrite, hemihydrate and 
dihydrate i.e. gypsum) on the FAP mineral surface prevents further attack of acid by 
blocking the mineral grains, which can slow down the dissolution rates. This results in 
the parabolic type dissolution patterns during the prolonged leaching. The detrimental 
effect of the precipitated calcium sulphate salts on the dissolution rates follows a 
descending order: anhydrite > hemihydrate > dihydrate or phosphogypsum (Olanipekun, 
1999).  
The conditions, used by Olanipekun (1999) to investigate the dissolution kinetics 
of a phosphorite ore sample are listed in Table 2.26. The reaction between FAP and a 
mixture of H2SO4 and HCl is given by Equation 2.43.  Thus, replacing H2SO4 with HCl 
caused high dissolution up to a volume ratio of 50% of H2SO4 as it lowers the amount of 
phosphogypsum formed. 
 
Ca10(PO4)6F2 + 8H2SO4 + 4HCl + 8xH2O = 6H3PO4 + 8(CaSO4.xH2O) + 2CaCl2 + 2HF (2.43) 
 
Table 2.26. Conditions for leaching of fluorapatite in different solution systems 
* Solid to liquid ratio as % (w/v), a = Laboratory test work with small quantities, NR = Not Reported 






















H3PO4 0.98-7.4 25-90 1.0 355-1000  




H3PO4  24.8 25-60 0.67  




(i)  H3PO4  
(ii) 4:1 (v/v) mixture of 
H3PO4 and H2SO4 
(i) 27.6 
(ii) 27.6 & 90 
25-80 0.4-11.4 < 500  
Antar and 
Jemal  (2008) 
Natural FAP 
HCl, KH phthalate and 
NaOH (pH = 1-6) 
NR 5-50 0.07-0.68 50-200 




NaOH/NaCl (pH = 3-12) 
NR 25 0.15-3.25 113-200 










H2SO4 and HCl mixture 
(i) H2SO4 
(ii) HCl 
(i)  0-53.9 
(ii) 0-8.8 





SO2 saturated water  
(pH = 0.60-0.62 at 15 oC) 
 5-30 0.015-0.10 550-1700 




 H3PO4 41.4-69.0 60-90 2.0-8.0 150-2000 
Sluis et al. 
(1987) 
Apatiteb 
Citric, oxalic, phthalic and 
salicylic acids 
(0, 1, 5 and 
10) mmol L-1 
23 ± 2  1.0 75-150 
Goyne et al. 
(2006) 




Olanipekun (1999) applied the shrinking core model in the form of Equation 2.41b 
to the dissolution processes in both H2SO4 and the mixture of H2SO4 and HCl at different 
temperatures. Figure 2.18 illustrates the validity of this model in all four solutions, 
confirming that the diffusion of reactants/products through the precipitated gypsum layer 






Figure 2.18. Applicability of shrinking core models on dissolution of FAP in H2SO4 and 
a mixture of H2SO4 and HCl at (a) 60 
oC and (b) 90 oC (XFAP = fraction of phosphate 
dissolved) (data from Olanipekun (1999)) 
(particle size = 53 µm; concentration = 5.5 mol L-1 (H2SO4 alone) and 2.75 mol L
-1 
H2SO4+1.2 mol L
-1 HCl (mixture)). 
 
Besides the formation of hemihydrate crystals at low sulphate ion concentration, 
the formation of a product layer of hemihydrates as a coating on the phosphate ore 
particles at high sulphate ion concentration has been termed as ‘blinding’ (Sluis et al., 
1987). The ‘blinding’ can be avoided in a digestion process of a phosphate ore in a 
mixture of H3PO4 and H2SO4 by selecting a very low concentration of H2SO4 (< 2% w/w) 
and hence, a complete digestion of the ore can be obtained with a high digestion rate. It 
has been suggested that the prolonged dissolution occurs only in pure phosphoric acid as 
it avoids this precipitation (Sluis et al., 1987). However, the precipitation of calcium 




phosphate salts, namely calcium monohydrogen phosphate, CaHPO4, and/or calcium 
dihydrogen phosphate, Ca(H2PO4)2, has been reported by Sluis et al. (1987) in the 
digestion of a phosphate ore in H3PO4.  
2.14 Factors affecting Fluorapatite Leaching 
2.14.1 Summary of Conditions used in Leaching 
Fluorapatite has been the major component in many of leaching studies with 
different feed material, referred to as (i) apatite, (ii) phosphate rock, (iii) phosphate ore 
and (iv) phosphorite. The conditions used in FAP leaching studies in different acid 
systems, such as H3PO4, HCl, H2SO4 and various mixtures of acids/salts, are summarized 
in Table 2.26. The main objectives of previous studies were the investigation of 
thermodynamics and kinetics of FAP dissolution, and the effect of pH, temperature and 
concentration/composition of the lixiviant. 
2.14.2 Effect of Temperature 
Olanipekun (1999) investigated the effect of temperature on the dissolution of 
FAP in H2SO4 and H2SO4-HCl mixture, separately. The temperature of the solutions was 
increased from 60 oC to 90 oC, keeping the stirring speed at a constant value. It was 
reported that the dissolution rate increased with the increase in temperature in both cases, 
leading towards high dissolution efficiencies (Table 2.27). Sinirkaya et al. (2010) 
investigated the variation of the dissolution rate of a phosphate ore in solutions of 0.10, 
0.25, 0.50 and 0.75 mol L-1 H3PO4 at 25 
oC, 60 oC and 90 oC. The beneficial effect of 
increasing temperature on the dissolution rates was noticed at all three concentrations of 
H3PO4 and Table 2.27 lists the results for 0.75 mol L
-1 acid. However, the extent of 
dissolution decreased in 0.1 mol L-1 and 0.25 mol L-1 H3PO4 at high temperatures during 




the prolonged dissolution, indicating the high stabilities of precipitated calcium 
phosphate salts at high temperatures. 
The citric acid leaching of a phosphate rock which contained FAP as the major 
component was conducted by Al-Othman and Sweileh (2000). According to their 
experimental procedure, 0.05 g of powdered phosphate rock was dissolved in 50 mL of 
0.25 mol L-1 citric acid solution in the temperature range of 22-75 oC and constant 
agitation time of 15 min. The slurry was filtered and the filtrates obtained at each 
temperature were analysed for leached fluoride ions using a fluoride ion-selective 
electrode (ISE). They found complete dissolution of fluoride at 60 oC. However, the 
percentage of fluoride dissolution decreased at higher temperatures, which may be due to 
the precipitation of calcium fluoride. Yartasi et al. (1994) observed that the extent of 
dissolution of a phosphate ore in SO2 saturated water (pH = 0.60-0.62 at 15 
oC) increased 
with the increase in temperature, showing the maximum dissolution at 15 oC. It remained 
constant until the temperature reached up to 30 oC. A further increase in temperature had 



























5.5 M H2SO4 
60  70.6 
Olanipekun 
(1999) 
70  74.6 
80  78.8 
90  85.1 
2.25 M H2SO4-1.2 M HCl 
mixture 
60  79.7 
70  82.7 
80  85.7 
90  88.4 
Phosphate ore 0.75 M H3PO4 
25 91.1  
Sinirkaya et 
al. (2010) 
60 94.3  
90 98.4  
Conditions: 50 min leach duration, 500 rpm, 53 µm (Olanipekun, 1999); 30 min leach duration, 800 rpm, 500-710 µm 
(Sinirkaya et al., 2010) 
 
 
2.14.3 Effect of Acid Type and Concentration 
Sinirkaya et al. (2010) investigated the effect of phosphoric acid concentration on 
the dissolution of FAP using 0.10, 0.25, 0.50 and 0.75 mol L-1 H3PO4 and found that high 
concentrations were beneficial for dissolution. Olanipekun (1999) investigated the 
dissolution of FAP in a mixture of HCl-H2SO4 and the effect of concentration of HCl. 
The concentrations of H2SO4 and HCl used by Olanipekun (1999) were 5.5 mol L
-1 and 
2.4 mol L-1, respectively. It was observed that the partial replacement of H2SO4 with HCl 
increased the dissolution of FAP, in terms of phosphate, up to a volume ratio of 50% of 
H2SO4 (Table 2.28).  Further addition of HCl beyond 50% caused a detrimental effect 
and decreased the dissolution of FAP. Low level of gypsum formation was the major 
factor, which had a beneficial effect on FAP dissolution efficiency (%) up to a volume 
ratio of 50%. The detrimental effect at higher volume ratio was related to higher pH 









Table 2.28. Effect of acid composition on dissolution of phosphate from fluorapatite 
in H2SO4+HCl mixtures 
Volume % of H2SO4 Volume % of HCl % leached of P 
100 0 65.0 
90 10 68.0 
70 30 73.7 
50 50 77.8 
40 60 75.6 
20 80 49.8 
0 100 29.7 
Concentrations original solutions:  H2SO4 = 5.5 mol L-1 and HCl = 2.4 mol L-1, 60 oC, 30 min leach duration, 500 
rpm (data from Olanipekun (1999)) 
 
Antar and Jemal (2008) noted that there are three reaction domains in a mixture 
of H3PO4 and H2SO4: (i) the dissolution of FAP and neutralization of H2PO4
-, (ii) the 
precipitation of calcium sulphate in the form of hemihydrate (CaSO4.0.5H2O), and (iii) 
the transformation of hemihydrate to dihydrate (CaSO4.2H2O). Moreover, the enthalpies 
associated with the precipitation of CaSO4.0.5H2O, CaSO4.2H2O from calcium and 
sulphate ions, and the transformation of hemihydrate to dihydrate, have been reported as 
-11.1 kJ mol-1, -24.2 kJ mol-1 and -13.1 kJ mol-1, respectively. 
Al-Othman and Sweileh (2000) treated samples of 50 mg of phosphate rock with 
50 mL of different organic acids, namely citric, acetic, monochloroacetic and 
trichloroacetic acid (0.01-3.0 mol L-1) as fluoride leaching reagents. The fluoride content 
of the filtrates, obtained after shaking each reaction mixture for about 60 min, were 
determined using a fluoride ion selective electrode. Results showed that citric acid at 
relatively low concentrations (0.25-0.5 mol L-1) achieved complete recovery (100%) of 
fluoride from the phosphate rock, indicating that citric acid was superior to other weak 
organic acids. Among the range of inorganic acids tested (HCl, HNO3, HClO4, H2SO4 
and H3PO4) using a concentration range of 0.01-5.0 mol L
-1, the highest (95.3%) and 
lowest (79.0%) recovery of fluoride were obtained using HCl and H3PO4, respectively. 
Hence, citric acid was suggested as the best lixiviant among both inorganic and organic 
acids for the selective leaching of fluoride from FAP (Al-Othman and Sweileh, 2000). 




The dissolution of apatite samples in organic acids (citric, oxalic, phthalic and 
salicylic acids) was investigated by Goyne et al. (2006) in the absence or presence of 
oxygen. The conditions used are listed in Table 2.26 and the concentrations of leached 
species with each organic acid are listed in Table 2.29. The dissolution of phosphate from 
apatite was high with aliphatic acids (citric and oxalic) compared to that with aromatic 
acids (phthalic and salicylic), as shown in Table 2.29. Moreover, it was observed that the 
extent of dissolution of phosphate was unaffected by the absence of the organic ligand 
and the presence of oxygen. The high concentrations of citric and oxalic acids were also 
more beneficial on the dissolution of phosphate compared to other acids (Table 2.29). 
Although, high concentrations of oxalic acid caused low dissolution of calcium due to the 
precipitation of calcium oxalate, high concentrations of citric acid were more beneficial 
towards calcium dissolution compared to high concentrations of phthalic and salicylic 
acids.  




Concentration of leached species from fluorapatite 
Ca (µmol L-1) P (µmol L-1) 
1 mmol L-1 5 mmol L-1 10 mmol L-1 1 mmol L-1 5 mmol L-1 10 mmol L-1 
Oxic 
Citrate 99.9 254 377 126 347 552 
Oxalate 8.67 11.4 14.0 63.9 255 480 
Phthalate 107 119 125 65.2 69.0 73.7 
Salicylate 32.7 43.3 54.8 21.0 30.4 32.0 
Anoxic 
Citrate 144 364 531 125 348 561 
Oxalate 13.3 15.9 20.3 70.5 268 507 
Phthalate 94.9 108 119 68.6 74.6 76.7 
Salicylate 12.3 8.02 26.1 19.6 18.4 25.4 
Acid concentrations = 1-10 mmol L-1, 23 ± 2 oC, solid/liquid = 1% (w/v), 8 rpm, 28 days (data from Goyne et al. 
(2006)) 
 
2.14.4 Effect of Agitation 
The beneficial effect of the stirring speed on the dissolution of a phosphate ore 
containing FAP in SO2 saturated water was tested using different stirring speeds of 31.42, 
52.36, 73.30 and 94.25 s-1 at 15 oC (Yartasi et al., 1994). Olanipekun (1999) has 
investigated the effect of different stirring speeds of the agitator (100, 300 and 500 rpm) 
on the dissolution of FAP in H2SO4 and H2SO4-HCl mixture at 60 
oC.  A beneficial effect 




of the stirring speed was noticed in both cases. Sinirkaya et al. (2010) tested the effect of 
stirring speeds of 400, 500, 600, 700 and 800 rpm on the dissolution of FAP in 0.1 mol 
L-1 H3PO4 at 25 
oC. The results, which showed a beneficial effect of stirring speed on the 
dissolution rates, indicated a diffusion controlled mechanism in H3PO4.  
2.14.5 Effect of Particle Size and Solid/Liquid Ratio 
Sinirkaya et al. (2010) studied the effect of particle size of a phosphate ore (355, 
500, 710 and 1000 µm) in 0.1 mol L-1 H3PO4 at 25 
oC and 800 rpm. The leaching results 
showed a negative impact of high particle sizes on the dissolution. Similarly, Yartasi et 
al. (1994) observed a negative impact of the increase in particle size of phosphate ore 
samples (550-600, 710-850, 1000-1180, 1400-1700 µm) in SO2 saturated water at 15 
oC, 
solid/liquid ratio of 0.03 and stirring speed of 31.42 s-1. The decrease in dissolution rate 
at higher particle sizes has been attributed to a decrease in the specific surface area (cm2 
g-1) of the solid (Sinirkaya et al., 2010; Yartasi et al., 1994).  
Yartasi et al. (1994) used different solid/liquid ratios, 0.015, 0.030, 0.06 and 0.10 
(% w/v), to investigate the effect of solid/liquid ratio on the dissolution of phosphate ore 
in SO2 saturated water at 15 
oC. The results showed that a high solid/liquid ratio has a 
negative impact on the dissolution due to solubility limitations of SO2 in water at a certain 
temperature causing reagent deficiency.  
2.14.6 Effect of pH 
The effect of pH on the dissolution rates of natural FAP has been investigated by 
Chaïrat et al. (2007) in the pH range of 3-12 at 25 oC (Table 2.26). The dissolution rate 
of FAP decreased at high pH values in the acidic range of 3-7. Although the rate was 
independent of pH in the alkaline range of 7-10, the rate started to decrease again at pH 
> 10. Guidry and Mackenzie (2003) investigated the effect of pH on the dissolution of 




igneous FAP at 2 < pH < 8.5. They also reported a detrimental effect of high pH on the 
dissolution rate in the pH range of 2-6, whilst the rate became pH independent in the pH 
range of 6-8.5. These results show the impact of acidity as well as the effect of pH on 
chemical speciation which in turn can influence the reaction kinetics. 
2.15 Dissolution of Rare Earth Elements from Fluorapatite and Phosphogypsum 
2.15.1 Fluorapatite 
As noted previously, the apatite minerals contain 0.1-1.0% (w/w) REEs and they 
are important not only for the recovery of phosphoric acid and fertilizer, but also for the 
recovery of REEs (Habashi, 1985, 1998; Peelman et al., 2014).  Acids such as, sulphuric, 
nitric, phosphoric and various organic acids have been tested in order to extract the REEs 
from fluoroapatite. 
a) Sulphuric Acid 
The gypsum formed as a by-product of processing of phosphate ore (mainly 
apatite) for the production of phosphoric acid using sulphuric acid is generally known as 
phosphogypsum or phosphor-gypsum (Mymrin et al., 2015; Tayibi et al., 2009; Wang et 
al., 2010). Although some REEs are leached into the solution as RE-sulphates during the 
reaction between FAP and sulphuric acid, this reaction may not be favourable due to the 
higher stability of RE-phosphates than that of RE-sulphates in the solid phases (Zhang et 
al., 2014). Some REEs are incorporated in phosphogypsum precipitated on the FAP 
mineral surface, without getting leached. This is due to the surface blockage which 
prevents the surface from further attack and leaching by sulphuric acid (Wang et al., 
2010). Thus, Wang et al. (2010) noted that only 20-30% leaching of REEs could be 
achieved from FAP with sulphuric acid due to the enrichment of REEs in 




phosphogypsum. Based on this, phosphogypsum has been recognized as a valuable 
source of REEs in 1960s (Binnemans et al., 2013). The average REE content, 
incorporated in phosphogypsum, is about 0.4% (w/w), i.e. about 70-85% of REEs 
originally present in apatite (Binnemans et al., 2013, 2015; Habashi, 1985, 2013; Preston 
et al., 1996).  
Although the leaching efficiencies of REEs have been increased up to 56% by 
adding aluminium, iron(III) salts (sulphates and oxides) and silica to a reaction mixture 
of phosphate rock sample and H2SO4, these additions have become problematic for the 
production of H3PO4 (Fava et al., 1987). Wang et al. (2010) tested the wet-process 
phosphoric acid production from phosphorite ore sample which had 0.55% RE oxides. 
Using batch leach reactors, they targeted high leaching efficiencies of REEs in H3PO4 by 
changing the conditions, namely H3PO4 concentration in the reaction mixture, 
temperature and solid/liquid ratio.  It was observed that the low temperatures, small 
solid/liquid ratios and high concentrations of H3PO4 were beneficial for improving the 
leaching efficiencies of REEs. Moreover, the leaching efficiency of REEs was increased 
up to 75% by adding non-ionic surfactants to the reaction mixture (Wang et al., 2010).  
b) Nitric Acid 
Li et al. (2006) selected and tested the conditions as 20% (v/v) HNO3 at 60-70 
oC 
to investigate the dissolution of an apatite sample with a REE content of 1.49 mg g-1 
(0.15% w/w) in HNO3 and found that 72.4 mg L
-1 of REEs was present in the leach liquor. 
Jorjani et al. (2011) found 60% HNO3, 30% solid, 30 min leaching time, 200 rpm, 60 
oC 
and a particle size of 50 µm as the optimum operational conditions for leaching of REEs 
from an apatite concentrate using HNO3. The leaching efficiency of yttrium, lanthanum, 
cerium, neodymium and europium under these optimized conditions was 73%, 74%, 




59%, 72% and 98%, respectively. The main advantages of using nitric acid for the 
leaching of apatite containing REEs are: (i) the possibility of direct separation of mixtures 
of RE-nitrates into individual RE-nitrate solutions using solvent extraction (Lucas et al., 
2015), and (ii) the production of calcium nitrate as a marketable product for the fertilizer 
industry compared to gypsum (Peelman et al., 2014).  In the case of sulphuric acid 
leaching, another set of processing steps are required to recover REEs from the 
precipitated phosphogypsum. 
c) Organic Acids 
Goyne et al. (2010) investigated the leaching efficiencies of REEs from apatite 
using organic acids, namely salicylic, phthalic, citric and oxalic acids. The conditions 
used by them were same as the ones used to investigate calcium and phosphate dissolution 
from apatite reported by the authors (Goyne et al., 2006) listed in Table 2.26. The leaching 
efficiencies of REEs from apatite followed a descending order: citrate > oxalate > 
phthalate > salicylate ~ no ligand, from that of calcium and phosphate mentioned earlier. 
The increase of the concentration of aliphatic ligands (citrate and oxalate) was beneficial 
towards the release of REEs from apatite, compared to that of aromatic ligands (phthalate 
and salicylate).  
2.15.2 Phosphogypsum 
  Habashi (1985) mentioned that about 50% of RE elements in phosphogypsum can 
be recovered by leaching with diluted sulphuric acid (0.1-0.5 mol L-1) at ambient 
temperature, using a low solid: liquid ratio (1:10 w/v). Similarly, leaching of 
phosphogypsum with dilute sulphuric acid (0.5-1.0 mol L-1) at room temperature is the 
most basic process to leach REEs from phosphogypsum and about 50% of REEs can be 
leached from this process without destroying the crystal structure of phosphogypsum 




(Peelman et al., 2014). The column leaching with sulphuric acid and mechanical 
activation by ball-milling are possible methods to enhance the leaching of REEs from 
phosphogypsum (Binnemans et al., 2013). The REEs can be recovered from the leach 
liquors of phosphogypsum as double sulphate salts or by solvent extraction (Binnemans 
et al., 2013). Peelman et al. (2014) reported that 80% of the REEs originally present in 
apatite minerals was incorporated in precipitated gypsum. In comparison, nearly 100% 
of the REEs were incorporated in precipitated hemihydrates, during the production of 
phosphoric acid from apatite mineral using sulphuric acid. However, leaching of REEs 
from hemihydrates using sulphuric acid was less problematic, compared to that from 
gypsum (Peelman et al., 2014). 
The reaction between phosphogypsum and ammonium carbonate produced 
calcium carbonate (Reaction 2.44) which incorporated the REEs. Subsequent treatment 
of the REE enriched calcium carbonate with nitric acid, or calcination of the carbonate 
followed by leaching the REE enriched residue with ammonium chloride were two 
alternative ways of leaching REEs from phosphogypsum (Habashi, 1985). 
(NH4)2CO3 +  CaSO4 =  (NH4)2SO4 +  CaCO3                              (2.44) 
Podbiera-Matysik et al. (2015) reported that about 90% leaching efficiency of 
REEs from phosphogypsum could be achieved using nitric acid, compared to only 60% 
using sulphuric acid. Binnemans et al. (2015) also showed similar results. A mixture of 
calcium nitrate and nitric acid was even more effective than nitric acid alone for this 
leaching process. For example, a mixture of 1 mol L-1 nitric acid and 0.5 mol L-1 calcium 
nitrate leached 76% of REEs from a phosphogypsum sludge which contained 6.8% rare 
earth oxides after 72 hours, compared to only 35% leached in 1 mol L-1 nitric acid.  
Moreover, the required nitric acid concentration to get the maximum leaching of REEs 




became lower, from 3 mol L-1 to 1 mol L-1, due to the addition of calcium nitrate 
(Binnemans et al., 2015). Solvent extractions with tributylphosphate (TBP) or 
dibutylbutylphosphate (DBBP), dissolved in xylene, were used for the recovery of REEs 
from the leach solutions. 
2.16 Summary 
The main points of this chapter, which are useful for the discussions in later 
chapters, can be summarized as follows.  
Previously published research studies on mineralogical aspects show the 
association of trace quantities of REEs as well as non-REEs in the lattice of FAP and 
associated minerals in nature. The RE-phosphate ores and minerals contain both FAP-
free minerals as well as FAP-containing minerals. One option of treatment of RE-
phosphate ores or concentrates is the digestion under very harsh acid or alkaline 
conditions, followed by further treatment. A second option which requires a pre-leach 
stage prior to the digestion process to selectively remove the FAP fraction and other non-
REE impurities to avoid their interferences in downstream process was highlighted from 
the previous studies. 
The rotating disc and particle leaching  studies highlighted and confirmed the 
following:  (i) the low dissolution rate of FAP in H2SO4 due to the precipitation of gypsum 
as a product layer on the mineral surface, (ii) high leaching efficiencies of FAP fraction 
as well as REEs from a FAP associated RE-phosphate concentrate in HCl and HNO3 at 
the pre-leach stage and (iii) beneficial effects of high acid concentration, high 
temperature, high stirring  speed for a diffusion controlled dissolution, low  particle size, 
low solid/liquid ratio and low pH on the dissolution of FAP. 




The solubility studies of rare earth(III) salts and Raman spectroscopic studies 
highlighted:  (i) a significant influence of the hydration number on the variation of the 
solubility of RE2(SO4)3.xH2O, (ii) a detrimental effect of high temperature on the 
solubility of RE2(SO4)3.xH2O, (iii) dramatic decrease of the concentration of REEs in 
sodium or potassium ion containing H2SO4 due to the precipitation of rare earth double 
sulphate salts (MRE(SO4)2.H2O, M = Na or K) and (iv) the formation of rare earth 
sulphate aqueous complexes which is beneficial on the solubility of REEs in sulphate 
media.  
The survey of equilibrium constants showed useful information on the association 
or stability constants and solubility product constants of metal ions including the major, 
minor and trace metals associated with the FAP and the phosphate concentrates and the 
range of anions of inorganic and organic acids used in this study which would be useful 
for the discussion of results and future recommendations.  








3.1 Reagents, Feed Materials and Test Solutions 
Table 3.1 lists the reagents used in different experiments, their chemical formulae, 
grades, suppliers and purposes. The FAP samples were received as a large rock (FAP-1) 
or hexagonal crystals (FAP-2). The 80% passing size (P80) of the rare earth concentrate 
sample (as received) was ~ 165 m. The large crystals of FAP (as received) were crushed 
using a pulverising ring mill, further ground using a mortar and pestle, homogenized, 
screened and sieved to produce a similar P80. 
The solutions were prepared using high purity Millipore water to reduce the 
potential of contaminations which could affect the results. Table 3.2 lists the industrial 
and natural feed materials used in solubility and leaching studies, and their sources. The 
test solutions can be categorized as blank solution (Millipore water), acids, mixtures of 
acids and salts (test solutions i-xi), and solutions which simulate industrial process liquors 
(solutions A, B and C). The rare earth salts, used in solubility measurements, were La2O3, 
La2(SO4)3, Ce2(SO4)3.8H2O, two rare earth carbonate samples, denoted by REC-1 and 
REC-2 and a solution of La(ClO4)3 prepared by mixing La2O3 and HClO4. 
Table 3.3 presents a summary of test solutions and rare earth salts, used in solubility 
studies. The concentrations of acids and/or salts in test solutions were 1 mol L-1 (H2SO4, 
H3PO4, NaClO4 and Ca(ClO4)2) or 0.25 mol L
-1 (Al(ClO4)3 and Fe(ClO4)3). Test solution 
A simulates the liquor at the water leach stage, while solutions B and C simulate the 




liquors at the neutralization/purification stage(s) of the industrial flowsheet used for the 
recovery of REEs from FAP containing RE-phosphate concentrates (Figure 2.7) in 
Chapter 2.  
Table 3.1. List of reagents 
Reagent* Chemical formula Grade Assay (%) Supplier Purpose 
Aluminium perchlorate Al(ClO4)3.9H2O AR 98.0 Sigma-Aldrich a 
Aluminium sulphate Al2(SO4)3.18H2O AR 98.0 Chem-Supply a, b 
Ammonium sulphate (NH4)2SO4 AR > 99.0 Chem-Supply b 
Calcium perchorate Ca(ClO4)2.4H2O AR 99.0 Sigma-Aldrich a 
Calcium sulphate CaSO4.2H2O AR > 98.0 Chem-Supply a 
Cerium(III) sulphate Ce2(SO4)3.8H2O AR 99.9 Sigma-Aldrich a, b 
Citric acid anhydrous H3C6H5O7 AR > 98.0 Rowe Scientific c, d 
Cyclohexane C6H12 AR  99.0 Ajax b 
Formic acid HCOOH AR 90 Ajax d 
Glacial acetic acid CH3COOH AR  99.7 Chem-Supply c, d 
Glycine C2H5NO2 AR  98.5 Sigma-Aldrich d 
Hydrochloric acid HCl AR 32% Ajax c, d 
Iron(III) perchlorate Fe(ClO4)3.xH2O AR Crystalline Sigma-Aldrich a 
Iron(III) sulphate Fe2(SO4)3.xH2O LR 78.0–82.0 Chem-Supply a, b 
Lanthanum oxide La2O3 AR 99.9 Sigma-Aldrich a 
Lanthanum(III) sulphate  La2(SO4)3 AR  99.9 Sigma-Aldrich a, b 
Magnesium sulphate MgSO4.7H2O AR 98.0 Chem-Supply a 
Nitric acid HNO3 AR 70.0 Chem-Supply c, d 
Nitrogen gas N2 HP  BOC e 
Perchloric acid HClO4 AR 70.0 Chem-Supply a, c, d 
Phosphoric acid H3PO4 AR 86.2 Fisher Scientific a, b, c, d 
Potassium sulphate K2SO4 AR 99.0 Biolab (Aust) Ltd a 
Potassium bromide KBr FT-IR  99.0 Sigma-Aldrich f 
Oxalic acid C2H2O4.2H2O AR  99.0 Sigma-Aldrich c, d 
Sodium chloride NaCl AR  99.7 Chem-Supply c 
Sodium fluoride NaF AR  99.0 Ajax g 
Sodium hydroxide NaOH AR 100 Chem-Supply h 
Sodium perchlorate NaClO4 AR  98.0 Sigma-Aldrich a 
Sodium sulphate Na2SO4 AR > 99.0 Ajax a 





C14H22N2O8 · H2O AR 98.0 Sigma-Aldrich g 





* Hydration numbers of salts are not specified in first column.  
Preparation of solutions for a. solubility studies of RE(III) salts, b. Raman spectroscopic studies, c. rotating disc 
dissolution of FAP, d. particle leaching of FAP and concentrate, e. degassing and providing N2 atmosphere in different 
solutions, f. preparation of KBr pellets for FT-IR studies, g. preparation of reference solutions for measurement of 










Table 3.2. List of industrial and natural feed materials 
Feed material Sample name Source 







Harts Range, Northern 
Territory, Australia 
FAP-2 
‘Cerro de Mercado’ mine site 
in Durango, Mexico 
Rare earth phosphate 
concentrate sample 
REPC A mine site in Australia 
 





Rare earth salts 
Acid  Dissolved salt  
(i) Water Nonea Nonea La2(SO4)3, Ce2(SO4)3.8H2O 
(ii) HClO4 HClO4 None REC-2 
(iii) H2SO4 H2SO4 None 
La(ClO4)3, La2(SO4)3, 
Ce2(SO4)3.8H2O, REC-1, REC-2 
(iv) H3PO4 H3PO4 None 
La(ClO4)3, La2(SO4)3, 
Ce2(SO4)3.8H2O 
(v) H2SO4+H3PO4 H2SO4 + H3PO4 None 
(vi) H2SO4+NaClO4 H2SO4 NaClO4 
(vii) H2SO4+Al(ClO4)3 H2SO4 Al(ClO4)3 
(viii) H2SO4+Fe(ClO4)3 H2SO4 Fe(ClO4)3 
(ix) H2SO4+Al(ClO4)3+Fe(ClO4)3 H2SO4 Al(ClO4)3+Fe(ClO4)3 
(x) H2SO4+NaClO4+Fe(ClO4)3 H2SO4 NaClO4+Fe(ClO4)3 
La(ClO4)3 
(xi) H2SO4+Ca(ClO4)2 H2SO4 Ca(ClO4)2 
(xii) A Compositions in Table 3.4 
La(ClO4)3, REC-1, REC-2 
(xiii) A without added sodium 
Derivatives of test solution A (xiv) Pre-loaded A(I) 
(xv) Pre-loaded A(II) 
(xvi) B Compositions in Table 3.4 
La2O3, REC-1, REC-2 
(xvii) B(I)  
Derivatives of test solution B 
(xviii) B(I) without added sodium 
(xix) C Compositions in Table 3.4 
(xx) C(I)  
Derivatives of test solution C 
(xxi) C(I) without added sodium 
a Millipore water; Concentrations: H2SO4, H3PO4, NaClO4 and Ca(ClO4)2 = 1.00 mol L-1, Al(ClO4)3 and Fe(ClO4)3 = 
0.25 mol L-1; Temperature/s: 40 oC, 60 oC and 80 oC. 
 
The sulphate salts of different metal cations (sodium, magnesium, aluminium, 
potassium, calcium and iron(III)) and acids (sulphuric and phosphoric) were used to 
prepare the required solutions. The pH of solution B was expected to be ~ 2.3, while the 
pH of solution C was higher (pH ~ 5.0). The proposed compositions of solutions A, B 
and C are listed in Table 3.4. In addition to the original test solutions, another set of 
solutions of the same composition as A, B and C was prepared without adding sodium 
sulphate salts (as mentioned in Table 3.4) to investigate and compare the effect of sodium 
ions on the solubility of REEs as discussed in Chapter 2. Moreover, some REE containing 




unsaturated solutions (prepared from solution A) were used as the initial solutions to 
investigate the effect of pH on the solubility of REEs during the saturation process. 
During the solubility measurements in test solutions B and C, they were initially prepared 
in perchloric acid in order to maintain the final solution pH at the desired values (Table 
3.4), after adding lanthanum oxide or rare earth carbonate solids as the acid neutraliser 
and the source of REEs.  
Table 3.4. Compositions of proposed mixed acid-salt test solutions 
Test 
solution 
pH Solution composition (g L-1) 
Na Mg Al P1 S1 K Ca Fe(III) H2SO4 H3PO4 
A NS 0* or 0.26 3.05 11.8 16.1 66.9 0.20 0.83 15.9 55.0 50.0 
B ~ 2.3 0* or 0.24 26.4 12.1 4.06 65.4 0.18 0.77 2.49 - 12.4 
C ~ 5.0 0* or 0.24 39.1 - - 59.5 0.18 0.75 - - - 
NS = Not specified; 1 indicative only, supplied by acids and sulphate salts; * prepared without adding sodium sulphate 
 
3.2 Solubility Testing Procedures 
3.2.1 Lanthanum(III) Perchlorate and Oxide 
A solution of 0.60 mol L-1 La(ClO4)3 solution was prepared by dissolving La2O3 
solid in 1.23 mol L-1 HClO4 at room temperature. A series of La(III) containing solids 
was precipitated by mixing this solution in 1:1 (v/v) ratio (25 mL from each solution) 
with test solutions (iii-xi) in Table 3.3 with doubled initial concentrations. The 
experiments were carried out in a 100 mL glass reactor with a water jacket as shown in 
Figure 3.1 and the solubility measurements were conducted at 40 oC, 60 oC and 80 oC. 
Although the precipitates were formed soon after mixing the solutions, the stirring was 
continued for 24 h using a magnetic stirrer to equilibrate the system under an inert gas 
atmosphere of nitrogen. Then, the solutions were filtered through Whatman® grade 
1qualitative filter papers (pore size = 11 µm) used in a Buchner funnel and the precipitated 
solids were dried in an oven at 60 oC. A sample of 1 mL was withdrawn using a 
micropipette (Socorex Acura 825 Micropipette 100-1000 L) and it was diluted 20 




times with 1% (w/w) HNO3 solution to avoid any precipitations on cooling or ageing. 
This dilution factor was consistent for all the solubility experiments. The La(III) ion 
concentrations in the resultant solutions were assayed using ICP-AES/MS and the 
precipitated solids were characterized to determine the identity. The saturated solubility 
of lanthanum(III) in solutions A, B and C was also tested at 40 oC, 60 oC and 80 oC using 
the procedure described below. 
 
 
Figure 3.1. Experimental set-up used in solubility measurements 
 
Test solution A was prepared with twice of the required concentration of the 
original solution (Table 3.4) and the solids were precipitated by mixing this solution with 
0.60 mol L-1 La(ClO4)3 in 1:1 (v/v) ratio (25 mL from each solution). The solution was 
stirred for 24 h, as previously described, before the solid/liquid separation.  The initial 
pH values of test solutions B and C, prepared in perchloric acid, were measured. Small 




portions of La2O3 solid were added to 50 mL of these solutions while stirring, using a 
magnetic stirrer, until the solution pH reached ~ 2.3 and ~ 5.0 in solutions B and C, 
respectively. A few drops of 70% (w/w) HClO4 were added to adjust the pH values in 
case of slightly high pH values (pH > 5) in solution C.  The solutions were filtered after 
stirring for 24 h. After solid/liquid separations, filtrates and precipitated solids in all 
experiments were separately analysed using the techniques mentioned in Sections 3.6 and 
3.7. 
3.2.2 Lanthanum(III) and Cerium(III) Sulphates 
The saturated solubilities of lanthanum(III) and cerium(III) salts were tested in 
different solutions listed in Table 3.3 (test solutions i, iii-ix) at 40 oC using anhydrous 
La2(SO4)3 and Ce2(SO4)3.8H2O solids. A solid sample of 2 g was added into 10 mL of a 
solution at 40 oC while stirring. Then, the solution was stirred for 24 h. In the case of 
cerium(III) sulphate solid, all the solutions were saturated by purging nitrogen gas to 
prevent any chance of oxidation of Ce(III) to Ce(IV) salts prior to and after the addition 
of solid.  After the solid/liquid separation, all the solutions were analysed to determine 
the concentrations of lanthanum(III) or cerium(III) and the residual or precipitated solids 
were characterized to check the variation of hydration numbers of the initial and 
precipitated solids.  
3.2.3 Rare Earth Mixed Carbonates 
a) Solubility in Acid Solutions 
First, a 10 g sample of REC-2 solid was added, in 1 g increments, to the 100 mL 
of 1 mol L-1 HClO4 solution saturated with nitrogen gas at 40 
oC. Before each addition, 
the stoichiometric amount (1.58 g) of 70 % (w/w) HClO4 was added to react with 1 g of 




solid. No samples were withdrawn during the addition since no saturation was observed. 
Then, REC-2 solid was added in small portions without further addition of  HClO4 acid 
to increase the solution pH to 5.0. During the latter addition, samples were withdrawn to 
analyze for all non-REEs and REEs dissolved in equilibrated solutions.  
A similar procedure was used in the case of sulphuric acid: first, REC-1 solid was 
dissolved in small quantities (~ 2 g) in 100 mL of each of the H2SO4 solution with 
different concentrations (0.10-2.00 mol L-1) deoxygenated with nitrogen gas at 40 oC. 
After each addition, the solutions were stirred until the solids were dissolved. At the first 
precipitation point, the addition of solid was stopped and the solutions were stirred for 24 
h under continuous nitrogen gas purging. The filtered solutions were assayed for non-
REEs and REEs. The same procedure was repeated at 60 oC and 80 oC using REC-2 solid 
instead of REC-1 solid. In all cases, the residual or precipitated solids were assayed and 
characterised. 
b) Solubility in Mixed Acid-Salt Solutions 
Table 3.3 lists all the test solutions and RE carbonate solids used for saturation. 
The saturated solubilities of REEs in mixed acid-salt solutions A, B or C, listed in Table 
3.3, were tested at 40 oC, 60 oC and 80 oC like in the earlier cases. A 50 mL sample of 
each of the mixed acid-salt solution (A, B or C) at the required temperature was degassed 
with nitrogen gas, purging for about 30 min before the additions of the RE-carbonate 
solids. The addition of solids was stopped after observing the first precipitation point of 
some solutions, while the addition was continued in other cases to increase the solution 
pH to the desired values. The solids and solutions were separated for the analysis in all 
experiments after stirring for 24 h while purging with nitrogen gas. The solutions 




withdrawn during the stepwise addition of solids, final solutions and precipitated solids 
were assayed to check the effect of pH on the saturated solubility of REEs.  
The addition of RE-carbonate solids caused an increase in the pH values of 
solutions B and C, resulting in values higher than those proposed in Table 3.4. Therefore, 
solutions B and C were initially prepared in 1.2 mol L-1 HClO4 acid and they were 
enriched with REEs by adding 5 g of REC-2 solid in 1 g portions at a time. Before each 
salt addition, 1.58 g of 70% (w/w) HClO4 acid was added, which was the 
stoichiometrically required amount of HClO4 to react with 1 g of REC-2 solid based on 
the elemental assays of the solid sample. No samples were withdrawn during the addition 
of solid since no precipitation was observed. Further addition of the solid was continued 
without HClO4 acid until the solution pH reached the required values of 2.3 and 5.0 in 
solutions B and C, respectively (Table 3.4). However, the highest pH of solution C 
achieved with the carbonate REC-2 solid was  3.5. Thus, 1.5 mL of 2 mol L-1 NaOH was 
added to gradually increase the pH up to 5.0. 
In order to check the effect of pH on the solubility of REEs in solution A, a sample 
of 5 g of REC-2 solid was added, in 1 g increments, to 50 mL of solution which contained 
some REEs, but unsaturated. Before each addition of the solid sample, 1.58 g of 70% 
(w/w) HClO4 acid was added to the solution as described above. The solution pH was 
measured after each addition of both HClO4 and REC-2 solid. Solution samples of 1 mL 
were withdrawn at 30 minute intervals after each addition of solid. The final solution 
sample was withdrawn after 24 h.  
 
 




3.3 Raman Spectroscopic Studies of Solutions 
3.3.1 Types of Solutions used for Analysis 
Raman spectroscopic studies were conducted at 25 oC in different solution 
systems, listed in Table 3.5, which includes solutions of free acids, mixed acids, acid free 
REE-salts, non-REE-salts and acid-salt mixtures of different combinations mentioned in 
Chapter 2. The concentrations of (NH4)2SO4, H2SO4 and H3PO4 solutions were 1.00 mol 
L-1 in each case, while the concentration of both Al2(SO4)3 and Fe2(SO4)3 solutions was 
0.75 mol L-1.  Weighed samples of 2 g of anhydrous La2(SO4)3 or Ce2(SO4)3.8H2O were 
added into 10 mL of some of the solutions, listed in Table 3.5, at 25 oC, for the saturation 
with rare earth sulphate salts. The solutions were stirred for 24 h using a magnetic stirrer. 
In the case of Ce2(SO4)3.8H2O, the solutions were initially deoxygenated with nitrogen 
gas before addition of solid and the nitrogen purging was continued for 24 h after addition 
of solid while stirring. The solid/liquid separation was conducted using a 20 mL syringe 
attached to a 0.22 m syringe filter. 
3.3.2 Spectroscopic Measurements 
The solutions were filled to half cut NMR spectroscopy tubes for Raman 
spectroscopic analysis. The spectral deconvolution of Raman spectra, obtained in all 
solutions, was facilitated using Grams/AI 8.0 spectroscopy software for the qualitative 
identification of the aqueous complexations of sulphates and/or phosphates in saturated 
solutions containing both REEs and non-REEs. 
 
 




Table 3.5. Different solution systems used for Raman spectroscopic studies 
Solution type Systems studied Comments 
Salt free acids 
H2SO4-H2O  
H3PO4-H2O  
Mixed acids H2SO4-H3PO4-H2O  
Acid free salts 
(NH4)2SO4-H2O  
Al2(SO4)3-H2O and Fe2(SO4)3-H2O  
La2(SO4)3-H2O and Ce2(SO4)3-H2O a  
Acid-salt 
solutions 
Al2(SO4)3-H2SO4 and Fe2(SO4)3-H2SO4  
La2(SO4)3-H2SO4 and Ce2(SO4)3-H2SO4 a 
La2(SO4)3-H3PO4 and Ce2(SO4)3-H3PO4 a 
Mixed acids-salt 
solutions 




RE = La or Ce, M = Al or Fe 
a 
Concentrations: 1.00 mol L-1 ((NH4)2SO4, H2SO4 and H3PO4) and 0.75 mol L-1 (Al2(SO4)3 and Fe2(SO4)3); a. saturated 
solutions using rare earth sulphate salts 
 
3.4 Rotating Disc Studies 
The rotating disc was prepared using a crystal of purchased FAP-2 sample. It was 
immersed in an epoxy solution, allowed to settle down under room temperature, 
cylindrically shaped and fitted to a PVC pipe. A flat disc surface was obtained by cutting 
a cross-section using a diamond saw and this surface was smoothened using P800 and 
P1200 silicon carbide papers. The geometric surface area of the disc was 0.675 cm2. The 
disc holder and the experimental set-up used in rotating disc studies are shown in Figure 
3.2 and 3.3. 
 
Figure 3.2. Fluorapatite disc used in rotating disc studies 
 





Figure 3.3. Experimental set-up (left) and the glass reactor with water jacket (right) 
used in rotating disc study 
 
The comparative dissolution studies were conducted in five inorganic acids (HCl, 
HNO3, HClO4, H2SO4 and H3PO4) and three organic acids (CH3COOH, C6H8O7 and 
H2C2O4). The conditions used in dissolution studies are listed in Table 3.6. The effect of 
acid and NaCl on the dissolution of calcium, phosphate, fluoride and REEs (lanthanum, 
cerium, praseodymium and neodymium) from FAP lattice were investigated at 25 oC by 
testing and comparing the dissolution results in both NaCl free and NaCl containing acids, 
listed in Table 3.6. The temperature dependence on dissolution rates was investigated in 
0.5 mol L-1 acids at 25 oC, 50 oC, 70 oC and 90 oC. However, the dissolution studies at 90 
oC could not be completed in all acids as the materials of the disc were not resistant to 
high temperatures.  The effect of rotation speed on the dissolution rates in 0.5 mol L-1 
H3PO4 was investigated at 350, 450, 600 and 800 rpm.  
 
 




Table 3.6. Dissolution conditions used in rotating disc study 
Acid type 
Concentration   
(mol L-1) 
Dissolution period  
(min) 
Sample withdrawal times  
(min) 
HCl 
0.1, 0.5*, 1.0 
0-30 
 
           0-120* 
2, 5, 8, 10, 15, 20, 25, 30 
 






0.1, 0.5*, 1.0 
0-120* 





Rotation speed = 450 rpm; temperature = 25 oC; surface area of the disc = 0.675 cm2; tested range of temperatures = 
25-90 oC and tested range of rotation speeds =   350-800 rpm            
* conditions used to test effect of NaCl on dissolution ([NaCl] = 0 or 0.5 mol L-1)  
 
The solution volume used in the glass reactor, shown in Figure 3.3, was 60 mL 
and the rotation speed of the FAP disc was maintained at 450 rpm for all dissolution 
experiments. Samples of 1 mL were withdrawn at different time intervals, listed in Table 
3.6. A ten-fold dilution was used for all withdrawn solution samples using Millipore 
water. The solutions were assayed for calcium and phosphorous as phosphate, using ICP-
AES/MS technique. Moreover, fluoride contents of the finally withdrawn samples were 
measured using a commercial fluoride ion-selective electrode (details in Section 3.7). 
3.5 Particle Leaching Studies 
The particle leaching conditions for FAP and concentrate and the sample 
withdrawal times are summarized in Tables 3.7 and Table 3.8, respectively.  All acids 
listed in Table 3.7 were used in leaching experiments at 95 oC. The FAP-2 sample was 
used in 3.25 mol L-1 HCl or HNO3 and 2.28 mol L
-1 H3PO4 acids, while the FAP-1 sample 
was used in all the other cases. Majority of the leaching experiments were conducted at 
5% (w/w) solids using a 1 L batch leach reactor with three evenly spaced baffles and an 
overhead agitator (Figure 3.4). The volume of acid solution used was 800 mL at the 
desired concentrations, higher than the stoichiometric requirement based on the acid/solid 
ratio, as shown in Table 3.7 and discussed in Chapter 9. The effect of H3PO4 concentration 




on the leaching of the concentrate was extensively studied at 95 oC with 5-15% (w/w) 
solids but the selected total leaching periods for inorganic acids and organic acids were 4 
h and 24 h, respectively.  


















3.25 3.12 HNO3 
HClO4 
H2SO4 1.62 3.12 
0-240 
10, 20, 30, 60, 
120, 240 
H3PO4 2.28 3.12a 
H3PO4 3.25 4.45a 
HCOOH 
1.30 1.25a 0-1440 
10, 20, 30, 60, 






Rotation speed = 1100 rpm; solid = 5% (w/w); temperature = 95 oC. a. calculations were based on first acid 































Acid concentration   
(mol L-1) 
H3PO4 
60 5 2.28 
75 5 2.28 
95 5 2.28 
95 5 1.72 
95 10 4.80 
95 15 7.63 
95 5 4.55 
95 5 3.25 
HCl 
60 5 1.30 
75 5 1.30 
95 5 1.30 
95 5 3.25 
HClO4 
60 5 1.30 
75 5 1.30 
95 5 1.30 
95 5 3.25 
HNO3 
60 5 1.30 
75 5 1.30 
95 5 1.30 
95 5 3.25 
HCOOH 





Rotation speed: 1100 rpm 
A digital tachometer was used to measure the rotation speed of the agitator, 
maintained at 1100 rpm to ensure that the solids were adequately suspended in the fluid. 
A reflux condenser was attached to the lid of the reactor and a tube immersed in a beaker 
of water was connected to the condenser, as shown in Figure 3.4, to avoid the release of 
emissions into the atmosphere. The experimental set-up was placed in a fume-cupboard. 
The liquor samples (20 mL) were withdrawn through 0.22 µm filters attached to 
50 mL syringes at different time intervals. They were analysed using ICP-AES/MS 
technique for calcium, phosphorous, minor non-REEs and REEs. Moreover, fluoride 
analysis of the leach liquors was conducted using a commercial fluoride combination 




electrode (Orion, Model 9609BNWP) in conjunction with a Thermo Scientific Orion Star 
A214 Benchtop pH/ISE meter. The solid residues and precipitated solids in organic acids 
were collected using a vacuum filtration system and they were washed and oven dried 
before characterization. 
 
Figure 3.4. Experimental set-up used in particle leaching studies 
 
3.6 Characterization of Solids 
The characterization of feed materials, precipitated solids and leach residues was 
conducted using the standard techniques listed below. 
✓ Particle Size Analysis 
✓ Inductively Coupled Plasma –Atomic Emission Spectroscopy/Mass Spectroscopy 
(ICP-AES/MS) 
✓ X-ray Fluorescence (XRF) Spectroscopy 
✓ X-ray Diffraction (XRD) Analysis 
✓ Thermogravimetric Analysis (TGA) 




✓ Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy 
(EDS) 
✓ Raman Spectroscopy  
✓ Fourier Transform Infrared (FT-IR) Spectroscopy (Diffuse Reflectance mode)  
3.6.1 Particle Size Analysis 
The particle size distribution (PSD) of ground FAP samples and concentrate (as 
received) samples were determined using a Microtrac S3500 laser sizing machine (Figure 
3.5) at Murdoch University. Prior to the analysis, samples were suspended in de-ionised 
water in an ultrasonic bath. 
 
Figure 3.5. Particle size analyser (Microtrac S3500 laser sizing machine) 
 
3.6.2 Inductively Coupled Plasma-Atomic Emission Spectroscopy/Mass 
Spectroscopy 
The elemental analyses of all the solid samples were conducted using ICP-
AES/MS. The solid samples were digested in a mixed acid (HNO3/HClO4/HF) system 
before the analysis. The instruments used were Thermo Scientific iCap 6500 Duo (ICP-




AES) and Agilent Technologies 7500cs (ICP-MS) at the TSW analytical laboratory, 
Perth, Western Australia.  
3.6.3 X-Ray Fluorescence Spectroscopy 
The XRF technique is widely used in chemical analysis of minerals (Wirth and 
Barth, 2017). The XRF instrument (PANalytical PW2400 WD-XRF model) at TSW 
analytical laboratory, Perth, Western Australia was used to quantitatively analyse the 
fluoride content in FAP and concentrate samples. 
3.6.4 X-Ray Diffraction Analysis 
The XRD scans were performed using GBC Enhanced Mini Material Analyser 
(GBC-EMMA), Theta-Theta Diffractometer with a Cu tube anode (Figure 3.6b). Solid 
samples were ground using a mortar and pestle to obtain a fine powder (< 20 m), then 
evenly spread on the sample holders (Figure 3.6a) using absolute ethanol, and allowed to 
dry before the analysis. Scans were completed within the angle range of 10°-90o using 
0.02o step sizes and the speed of 1.00o /min. The results were compared with the 
characteristic peaks of the standard cards, available in the International Centre for 
Diffraction Data (ICDD) 2012 database. Finally, the XRD patterns were plotted using 
Origin 6.0 software. 
 








Figure 3.6. Discs used as XRD sample holders (a) and XRD instrument (GBC Enhanced 













3.6.5 Thermogravimetric Analysis 
The thermogravimetric analysis was performed using the instrument (model of 
PerkinElmer STA 6000) shown in Figure 3.7b. The temperature of the solid samples was 
increased from 30 oC to 600 oC at a rate of 10 oC /min with an injection of air/argon at a 
flow rate of 19.7 mL/min. The ceramic crucible shown in Figure 3.7a was used to heat 
the solid samples in the furnace of the analyser. The crucible was cleaned using 50% 
(w/w) HNO3 and then with de-ionized water, followed by heating to a red heat in a 




 (b)  
 











3.6.6 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 
These characterization tests were conducted using JEOL JCM 6000 Benchtop 
scanning electron microscopy with energy dispersive X-ray analyser. The solid samples 
were mounted on a carbon conductive tab, pasted on a specimen holder (Figure 3.8a-b) 
for the analysis. The instrumental conditions for SEM images and EDS analysis are 







Figure 3.8. Specimen holders (a) and mounting samples on carbon conductive tabs 
pasted on them (b) for SEM and EDS analyses 
 
Table 3.9. Instrumental conditions used in SEM images and EDS analyses 
Instrumental conditions SEM images EDS analysis 
Vacuum mode High vacuum High vacuum 
Signal SEI BEI 
Accelerating voltage / kV 5, 10, 15 15 
Filament current Standard High 
Probe current Standard High 
SEI = Secondary electron imaging; BEI = Backscatter electron imaging 
 
 




3.6.7 Raman Spectroscopy and Fourier Transform Infrared Spectroscopy 
Raman spectroscopic studies were performed using Nicolet 6700 FT-IR 
spectrometer, equipped with NXR FT-Raman module (1064 nm laser) with InGaAs and 
Ge detectors (Figure 3.9b).  All the solid samples were dried well and ground before the 
analysis. They were properly packed in half cut NMR spectroscopy tubes, shown in 
Figure 3.9a. Spectroscopic grade KBr was used as the reference sample. The spectra 
within Raman shift of 400-2000 cm-1 were considered for peak assignment.  
A Perkin Elmer FT-IR instrument was used for the FT-IR analysis in diffuse 
reflectance mode. The mixtures of dried solid samples and spectroscopic grade KBr 
sample were ground well using a quartz mortar and pestle (Figure 3.10a) and filled into 
the sample holder shown in Figure 3.10b prior to the analysis. The spectral range of 400-






Figure 3.9. Half cut NMR tubes (a) and instrument, Nicolet 6700 FT-IR spectrometer 
equipped with NXR FT-Raman module (1064 nm laser) with InGaAs and Ge detectors 
(b) used in Raman spectroscopic analysis 
 








Figure 3.10. Quartz mortar and pestle for sample preparation (a) and sample holder (b) 
of FT-IR instrument 
 
3.7 Solutions Analyses 
The ICP-AES (Thermo Scientific iCap 6500 Duo) and ICP-MS (Agilent 
Technologies 7500cs) instruments at the TSW analytical laboratory, Perth, Western 
Australia were used in quantitative analysis of the metal ions solutions for both non-REEs 
and REEs. The ICP-MS instrument (Varian ICP Model Liberty 200) in the marine and 
freshwater research laboratory of Murdoch University was used for analysing the leached 
calcium and phosphorous (as phosphate) from the FAP disc and particles.  
 
The pH measurements of all solutions were conducted using a commercial glass-
calomel combined electrode in conjunction with an Aqua-pH waterproof pH-mV 
temperature meter. Fluoride analysis of the leach liquors was conducted using a 
commercial fluoride combination electrode (Orion, Model 9609BNWP) in conjunction 
with a Thermo Scientific Orion Star A214 Benchtop pH/ISE meter. For this analysis, a 
solution of total ionic strength adjustable buffer (TISAB) was prepared according to the 
standard procedure (USEPA method 9214), starting with a mass of 58 g of NaCl, 500 mL 
of Millipore water and 57 mL of glacial acetic acid mixed in a 1 L beaker. The beaker 
was kept in a water bath to cool and 5 mol L-1 NaOH was added while stirring the solution 
until pH reached up to 5.0-5.5. The solution was cooled at room temperature and 




transferred into a 1 L volumetric flask. Finally, a mass of 4 g of trans-1,2-
diaminocyclohexane-N,N,N/,N/-tetraacetic acid monohydrate (CDTA) was dissolved in 
the solution and the flask was filled up to the mark with Millipore water. The CDTA was 
added as a chelating agent to prevent the interference of Al3+ and Fe3+ ions on the fluoride 
content through formation of aqueous fluoride complexes. The TISAB solution was 
mixed with leach liquors in different ratios prior to the analysis to get the pH values of 
the final liquors to the range of 4.0-5.0, to make sure that fluoride exists in the free ionic 
form. A series of reference samples with different fluoride concentrations in the range of 
0.0005-50 mg L-1 (ppm) was prepared using a 1000 mg L-1 stock solution for the different 
calibration plots based on fluoride concentrations in the leach liquors. This stock solution 
was prepared by dissolving sodium fluoride solid in Millipore water. 
The Raman spectroscopic analysis procedure of solution samples, conducted 
using a Nicolet 6700 FT-IR spectrometer equipped with NXR FT-Raman module (1064 
nm laser) with InGaAs and Ge detectors, was similar to that used for the solid samples. 
However, a solution of cyclohexane was used as the reference sample. Other system 
details and parameters were: detector = InGaAs, beam splitter = CaF2, range = 300-1600 
cm-1, optical velocity = 0.3165, resolution = 4 cm-1, number of scans = 1024, gain = 8 and 



















Reliable qualitative and quantitative analyses of feed materials and products 
become more critical for synthetic solids and naturally occurring minerals and ores with 
a complex mineralogy to properly understand the dissolution, leaching or precipitation 
behaviour of individual solids and major, minor and trace metal and non-metal ions. This 
is due to very high interferences of host and impurity minerals and metal and non-metal 
ions on the behaviour of key elements of interest during the dissolution, leaching or 
precipitation processes. As discussed earlier, FAP is generally considered as a rare earth 
concentrating mineral (Fleet and Pan, 1995) due to the association of REEs in the FAP 
lattice.  Moreover, the change in chemical formula of FAP from Ca5(PO4)3F to 
(Na,Ca)5(PO4)3F, (Ca,Sr)5(PO4)3F and Ca5(PO4,CO3)3F due to the association of different 
non-REEs and carbonate groups has been reported (Chakhmouradian et al., 2002; 
McClellan and Lehr, 1969). Calcite, dolomite, quartz, goethite and other iron containing 
minerals, feldspars and clay minerals are commonly found in FAP ores as impurities 
(Sharma, 1991).  Thus, the association of RE-phosphate minerals with FAP and the 
presence of impurities mentioned above lead to complex mineralogy of RE-phosphate 
minerals, ores as well as concentrates (Mackowski et al., 2011). Likewise, the impurities 
in solids used for solubility studies may have beneficial or detrimental effects on the 




dissolution behaviour of key metal ions. These facts highlight the importance of detailed 
characterization of the natural FAP, RE-concentrates and salts used in solubility studies. 
This chapter presents the results and discussion of the characterization of fluorapatite, 
phosphate concentrate and rare earth salts. 
The characterisation of four types of feed materials was conducted: (i) pure RE-
sulphate salts (La2(SO4)3 and Ce2(SO4)3.8H2O), (ii) RE-carbonate mixtures (REC-1 and 
REC-2), (iii) natural FAP samples (FAP-1 and FAP-2) and (iv) phosphate concentrate 
(REPC). The instruments, used for qualitative analyses (XRD, SEM-EDS, TGA, FT-IR 
and Raman spectroscopy) were discussed in Chapter 3. As noted in Chapter 3, the 
elemental compositions of   REC-1, REC-2, FAP-1, FAP-2 and REPC samples were 
assayed using ICP-AES/MS technique and the fluoride contents in FAP-1, FAP-2 and 
concentrate samples were analysed using XRF spectroscopy.  
4.2 Appearance and Particle Size Analysis 
Figure 4.1a-c show the photo images of FAP-1, FAP-2 and phosphate concentrate 
samples as received. The FAP-1 sample was received as a large rock particle (~ 850 g), 
while FAP-2 was received as a collection of small hexagonal shape crystals. Figure 4.1d 
shows the particle size distribution of the phosphate concentrate, determined using the 
laser particle size analyser, indicating that the 80% passing size (P80) is 165 m.  
 








(c) Phosphate concentrate 
 
(d) Size distribution of phosphate concentrate 
 
Figure 4.1. Photo images of original FAP samples FAP-1 (a), FAP-2 (b) phosphate 
concentrate (c) and particle distribution of phosphate concentrate (d) 
 
4.3 Elemental Analyses 
4.3.1 Rare Earth Carbonate  
The elemental compositions of REC-1 and REC-2, obtained from the ICP-
AES/MS analysis, are listed in Table 4.1. Although these are RE-carbonate mixtures, they 
are not 100% pure due to the presence of some non-REEs as impurities. The mass 
percentages of some non-REEs, namely silicon, phosphorous, sulphur, iron, arsenic, 
strontium, thorium and uranium, are below the detection limit (0.01%). However, the 
mass percentages of sodium, magnesium, aluminium, potassium and calcium vary from 
0.10% to 0.80% with almost similar elemental compositions in REC-1 and REC-2.  The 




total REE contents (lanthanides + yttrium) in REC-1 and REC-2 are 39.0% and 47.1%, 
respectively, with a predominant percentage of light REEs. The mass percentages of 
major REEs (% in REC-1, REC-2) follow a descending order in both cases: Ce (18.4%, 
21.9%) > Nd (7.98%, 9.59%) > La (7.57%, 9.20%) > Pr (2.09%, 2.49%) > Sm (1.05%, 
1.26%). The high enrichment of REEs in REC-2 over REC-1 is evident from the 
correlation of the compositions of REEs in Figure 4.2 which indicates that the ratio of 
major REEs in REC-2 and REC-1 is 1.2 : 1.0. 
Table 4.1. Elemental assays of non-REEs and REEs in RE-carbonate mixtures 
Solid 
sample 
Mass percentages of non-RE elements (%) 
Na Mg Al Si P S K Ca Fe As Se Sr Th U 
REC-1 0.50 0.26 0.21 <0.01 <0.01 0.01 0.14 0.78 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 




Mass percentages of RE elements (%) 
Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu TREEs 
REC-1 0.62 7.57 18.36 2.09 7.98 1.05 0.20 0.70 0.07 0.22 0.03 0.09 0.01 0.04 0.01 39.0 
REC-2 0.90 9.20 21.92 2.49 9.59 1.26 0.25 0.95 0.08 0.26 0.04 0.08 0.01 0.05 0.01 47.1 
Based on ICP-AES/MS analysis; TREEs = total rare earth elements 
 
 
Figure 4.2. Correlation of major REE compositions in REC-1 and REC-2  
(data from Table 4.1) 
 




4.3.2 Fluorapatite  
The fluorapatite samples are also not 100% pure as they are associated with other 
elements as shown in Table 4.2. The uneven distribution of minerals, containing sodium, 
strontium, iron and REEs (mainly lanthanum, cerium and neodymium) in these 
fluorapatite samples can result in non-homogeneity of the composition of the samples 
analysed. The mass percentages of calcium (~ 34%) and phosphorous (~ 13%) are very 
high compared to those of total REEs (0.6-1.2%) and other minor non-REEs (0.9-1%) in 
FAP-1 and FAP-2.  
The calculated molar ratios of Ca/P, Ca/F and P/F in the two fluorapatite samples 
listed in Table 4.3, based on the mass percentages in Table 4.2, are higher than the values 
calculated using the theoretical formula Ca5(PO4)3F. This suggests the possibility of the 
presence of carbonate-FAP (Ca5(PO4,CO3)3F), trace quantities of calcite (CaCO3) and/or 
calcium silicate (Ca2SiO4). Unlike the similar mass percentage ranges of non-REEs in the 
two fluorapatite samples, the mass percentage of total REEs (TREEs) in FAP-2 (~ 1.25%) 
is twice as that in FAP-1 (~ 0.55%). Based on the assays, association of REEs and other 
minor non-REEs in the FAP lattice in trace quantities and/or the presence of other 
minerals containing these elements (Chapter 2) can be predicted in both FAP samples. 
 
Table 4.2. Elemental assays of non-REEs and REEs in FAP samples 
 
*Fluoride assay based on XRF analysis and others based on ICP-AES/MS analysis 
 
 




Table 4.3. Comparison of theoretical and experimental (ICP-AES/MS, XRF) molar 
ratios of elements in fluorapatite 
Sample types Molar ratios 
Ca/P Ca/F P/F 
Theoretical valuesa 1.7 5.0 3.0 
Experimental 
assaysb 
FAP-1 2.1 7.6 3.7 
FAP-2 2.0 8.3 4.1 
a. calculated using molecular formula of fluorapatite, Ca5(PO4)3F and b. data based on ICP-AES/MS and XRF analyses 
(Table 4.2) 
 
4.3.3 Rare Earth Phosphate Concentrate 
Table 4.4 lists the mass percentages of Ca (27.9%), P (10.8%) and Si (9.05%) in 
the concentrate which are relatively very high compared to those of other non-REEs and 
REEs. Table 4.5 shows high molar ratios of Ca/P, Ca/F and P/F in the concentrate 
compared to those expected in pure fluorapatite. High amounts of aluminium (2.46%) 
and iron (2.68%) are also present in the concentrate. Mild radioactivity of the concentrate 
(~ 0.37 kBq) is due to the presence of thorium (0.45%) and uranium (0.03%). Moreover, 
the mass percentage of TREEs is 4.55% and those of main individual REEs follow a 
descending order: Ce (2.28%) > La (0.97%) > Nd (0.73%) > Pr (0.28%). Hence, it can be 
noticed that the rare earth phosphate concentrate is also enriched with light REEs only, 
as in the case of two fluorapatite samples, discussed earlier.  
A reasonably linear correlation is evident from the plot of the compositions of 
REEs in FAP-1 and FAP-2 as a function of that in the concentrate (Figure 4.3), indicating 
that the leaching studies, based on natural FAP samples, are useful for the rationalisation 
of the leaching behaviour of metals from the concentrate. 
Table 4.4. Elemental assays of non-REEs and REEs in phosphate concentrate 
Non-RE Na Mg Al Si P S F* K Ca Fe As Se Sr Th U 
Mass % 0.17 0.54 2.46 9.05 10.8 0.07 1.75 0.58 27.9 2.68 0.01 <0.01 0.23 0.45 0.03 
 
(RE+Y) Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Mass % 0.06 0.97 2.28 0.28 0.73 0.08 0.03 0.06 0.01 0.02 <0.01 0.01 <0.01 <0.01 <0.01 
*Fluoride assay based on XRF analysis and others based on ICP-AES/MS analysis 




Table 4.5. Comparison of molar ratios in fluorapatite and phosphate concentrate 
Sample type Molar ratios 
Ca/P Ca/F P/F 
Fluorapatitea 1.7 5.0 3.0 
Phosphate concentrateb 2.0 7.6 3.8 
a. calculated based on molecular formula of fluorapatite, Ca5(PO4)3F and b. data based on ICP-AES/MS and XRF 




Figure 4.3. Correlation of REE compositions in FAP samples and phosphate concentrate 
(% of REEs was calculated considering total rare earth element content of each sample 
in Tables 4.2 and 4.4 as 100%) 
 
4.4 X-Ray Diffraction  
The XRD patterns of anhydrous lanthanum(III) sulphate   and cerium(III) sulphate 
octahydrate, both of purity ≥ 99.99, are illustrated in Figure 4.4a-b and they show peaks 
that are consistent with the standard XRD patterns of these two compounds. However, in 
some cases, the scan ranges (2-theta ranges) of standard XRD patterns obtained from 
ICDD 2012 database, are lower than the scan range (10o-90o) used for all solid types in 
solubility and leaching studies. For example, the 2-theta range of La2(SO4)3 with standard 
card No. 00-045-0904 is 12o-42o (Figure 4.4a). 




The XRD scans of the RE-carbonate samples, REC-1 and REC-2, are given in 
Figure 4.5a-b. Despite the slight differences in compositions of some elements in REC-1 
and REC-2 (Table 4.1), the presence of similar sets of non-RE and RE-carbonate 
compounds results in similar XRD patterns for both solids (Figure 4.5a).  The presence 
of kozoite (La,Nd,Ca)(CO)3(OH, H2O) as the major RE-carbonate source and cerium 
carbonate hydroxide hydrate (Ce2(CO3)2(OH)2.H2O), lanthanum carbonate hydroxide 
(LaCO3OH) and praseodymium carbonate hydroxide (Pr(CO3)(OH)1.68) as other RE-
carbonate sources are evident from Figure 4.5b.  
The XRD patterns of the fluorapatite samples, FAP-1 and FAP-2, are shown in 
Figure 4.6.  Despite the slight differences of relative peak intensities, the similarity of 2-
Theta values indicates the existence of the same types of minerals in both samples. The 
presence of carbonate-fluoroapatite, calcite, calcium silicate and a trace amount of some 
RE minerals, namely cheralite, monazite, britholite and kainosite (RE-phosphates / 
silicate / carbonate sources, Chapter 2) is evident from the comparison of XRD patterns 
of feed materials (FAP-1 and FAP-2) with the standard patterns (Figure 4.7). The ultrafine 
inclusion of rare earth minerals in the FAP lattice may be the reason for showing their 
presence in XRD patterns as very low intensity peaks.  








Figure 4.4. The XRD patterns of RE(III)-sulphate salts; (a) anhydrous La2(SO4)3 and (b) 
Ce2(SO4)3.8H2O 
 








Figure 4.5. The XRD patterns of RE-carbonate mixtures (a) and comparison with 
standard patterns (b); (i) REC-1, (ii) REC-2, (iii) Kozoite, (La,Nd,Ca)(CO)3(OH, H2O) 
(00-053-0908), (iv) cerium carbonate hydroxide hydrate, Ce2(CO3)2(OH)2.H2O (00-046-
0369), (v) lanthanum carbonate hydroxide, LaCO3OH (00-026-0815) and (vi) 
praseodymium carbonate hydroxide, Pr(CO3)(OH)1.68 (00-045-0217) 
 





Figure 4.6. The XRD patterns of FAP samples; FAP-1 and FAP-2 
 
Figure 4.7. Comparison of XRD patterns of FAP samples with standard patterns; (i) FAP-
1, (ii) FAP-2, (iii) FAP (01-071-5050), (iv) carbonate-FAP (01-073-9696), (v) cheralite 
(00-033-1095), (vi) monazite-Ce (00-011-0556), (vii) calcium silicate (00-002-0843), 
(viii) calcite (00-002-0623), (xi) britholite-La (00-013-0106) and (x) kainosite-Y (00-
014-0332). 




The complex mineralogy of the phosphate concentrate is shown in the XRD scans 
in Figure 4.8. It confirms the presence of fluorapatite as the predominant mineral. In 
addition, the presence of calcium silicate, calcite, calcium aluminium silicate, silicon 
dioxide and RE sources, namely cheralite (the main RE-phosphate source), trace amounts 
of britholite-La and kainosite-Y (RE-phosphate and RE-silicate sources, respectively) is 
evident from this analysis. Cheralite is the calcium rich form of monazite and hence, 
relatively similar XRD patterns can be identified for both monazite-Ce and cheralite in 
Figure 4.8b. 
 








Figure 4.8. The XRD pattern of phosphate concentrate (a) and comparison with standard 
patterns (b): (i) phosphate concentrate, (ii) FAP (01-071-5050), (iii) cheralite (00-033-
1095), (iv) monazite-Ce (00-011-0556), (v) calcium silicate (00-002-0843), (vi) calcium 
aluminium silicate (00-002-0523), (vii) calcite (00-002-0623), (viii) britholite-La (00-
013-0106), (ix) kainosite-Y (00-014-0332) and (x) silicon dioxide (00-001-0649) 
 





The anhydrous form of La2(SO4)3 is confirmed by the TGA analysis (Figure 4.9a) 
as no mass reduction can be observed in the temperature range of 30-600 oC. According 
to the TGA curve of Ce2(SO4)3.8H2O in Figure 4.9b, about 19% mass reduction can be 
observed in the temperature range of 30-600 oC due to dehydration.   The mass loss 
(percentage) corresponds to the association of approximately 8 moles of water with one 
mole of Ce2(SO4)3, confirming that the feed was Ce2(SO4)3.8H2O. Moreover, evolving 
water from Ce2(SO4)3.8H2O occurs at two stages (TGA curve) with the formation of 
Ce2(SO4)3.6H2O as the solid phase stable in the temperature range of 300-430 
oC. The 
dehydration is an endothermic process and peaks related to this process can be observed 
















4.6 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 
The SEM images of La2(SO4)3 and Ce2(SO4)3.8H2O are shown in Figure 4.10a-b 
which indicate almost similar textures of these two compounds. The SEM images and 
EDS patterns of REC-1 and REC-2, illustrated in Figure 4.11a-b, also show their 
similarities in texture and elemental composition. The peak intensities of cerium are 
higher compared to those of other REEs due to the higher mass percentage of cerium in 
both mixtures. Likewise, lanthanum and neodymium also have relatively high peak 
intensities compared to those of praseodymium as expected from the elemental 
compositions in Table 4.1. Thus, the order of mass percentages of REEs based on ICP-



















Figure 4.11. The SEM images and EDS patterns of (a) REC-1 and (b) REC-2  
(La/Nd indicates La or Nd) 
 
The SEM images and EDS patterns of the fluorapatite samples are shown in 
Figure 4.12a-b. The presence of carbonate-FAP is indicated by the presence of peaks 
related to calcium, phosphorous, carbon, oxygen and fluorine. However, the peaks related 
to other elements with relatively low compositions are absent in the EDS patterns. The 
elemental analysis, based on EDS patterns, indicates the mass percentages as 32.1-32.3% 
Ca, 15.1-15.3% P and 0.74-0.81% F in FAP samples. The calculated molar ratios, based 
on these mass percentages, are listed in Table 4.6. The molar ratio of Ca/P based on EDS 
analysis (1.6) is closer to the expected ratio of pure FAP (1.7). However, it is lower than 
the molar ratios of Ca/P = 2.1 and 2.0, determined by ICP-AES/MS analysis for FAP-1 
and FAP-2, respectively (Table 4.3). This is due to two reasons: (i) as identified under 




XRD analysis (Figure 4.7), the presence of carbonate groups in FAP or different forms 
of minerals of calcium, other than FAP, results in higher Ca/P molar ratio than the 
stoichiometric value of Ca/P = 1.7, (ii) the EDS is a semi-quantitative analytical technique 
which focusses only on the surface composition, compared to  the ICP-AES/MS 
technique which represents the average compositions of digested FAP samples 










Figure 4.12. The SEM images and EDS patterns of (a) FAP-1 and (b) FAP-2 
 
 




Table 4.6. Comparison of theoretical and experimental (EDS) molar ratios of elements 
in fluorapatite samples 
Sample Molar ratios 
Ca/P Ca/F P/F 
Theoretical valuesa 1.7 5.0 3.0 
Experimental 
assaysb 
FAP-1 1.6 21 13 
FAP-2 1.6 19 12 
a. calculated based on molecular formula of fluorapatite, Ca5(PO4)3F and b. data based on EDS analysis 
 
 
The SEM image and EDS pattern of the phosphate concentrate are shown in 
Figure 4.13. Although the peaks of different elements, related to different minerals, 
identified by XRD analysis, can also be observed from the EDS pattern, their mass 
percentages vary significantly (Ca = 16.1-29.7%, P = 9.5-14.3%, Si = 3.6-8.3%) 
depending on the tested locations of the sample. The complex mineralogy and non-
homogeneity of the sample, and the fact that EDS is a semi-quantitative analytical 
technique can cause these variations, as previously noted. Nevertheless, the elements with 






Figure 4.13. The SEM image (a) and EDS pattern (b) of phosphate concentrate 
 




4.7 Fourier Transform Infrared Spectroscopy and Raman Spectroscopy 
The polyatomic molecules/ions, involved in Raman and FT-IR spectroscopic 
studies of the feed materials, can be categorized under XY2, XY3 and XY4  molecule types 
(X and Y are the central and terminal atoms, respectively) and the vibrational modes of 
these types were presented and discussed in Chapter 2 (Table 2.15). The observed bands 
of Raman and FT-IR spectra are assigned to vibrational modes of the XY2, XY3 and XY4 
types to identify the correct polyatomic molecules/ions in the different feed materials 
tested in this thesis. 
4.7.1 Trivalent Rare Earth Sulphate Salts 
All four vibrational modes of free SO4
2- ion with the tetrahedral (Td) symmetry, 





2-, are Raman active, but only 3(f2)-SO4
2- and 4(f2)-SO4
2- modes are IR active. The 
FT-IR and Raman spectra are presented in Figure 4.14a-b and 4.14c-d, respectively. The 
assignments of vibrational modes of sulphate ion and water (absorbed moisture or 
crystallized water) in both FT-IR and Raman spectroscopic studies are listed in Table 4.7, 
and show a good agreement with the literature data from Nakamoto (2009) for the 
sulphate ions and water molecules. Figure 4.14a-b show the appearance of (i) 1(a1)-SO4
2- 
and (ii) 2(e)-SO4
2- bands in FT-IR spectra of La2(SO4)3 and Ce2(SO4)3.8H2O. Degenerate 
FT-IR and Raman bands of 2(e)-SO4
2-, 3(f2)-SO4
2-and 4(f2)-SO4
2- can be noticed in 
both spectra of these two compounds in Figure 4.14a-b and 4.14c-d, respectively. These 
observations indicate a large deviation from the Td symmetry of sulphate ion. The slight 
differences in wavenumbers and Raman shifts of bands in Table 4.7 related to sulphate 
ions in La2(SO4)3 and Ce2(SO4)3.8H2O, are due to the differences in cation interaction 
with sulphate ion in the crystal lattices.  




(a) FT-IR:  La2(SO4)3 
 
 
(b) FT-IR: Ce2(SO4)3.8H2O  
 
(c) Raman:  La2(SO4)3 
 
(d) Raman: Ce2(SO4)3.8H2O 
 
Figure 4.14. The FT-IR and Raman spectra of RE sulphate salts; (a, c) La2(SO4)3 and        
(b, d) Ce2(SO4)3.8H2O.  
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(v) 1635 1423, 1641 
1490, 
1620 
    
Peak numbers are shown in Figure 4.14; (Abbreviations used in modes are  = stretching,  = in-plane bending or 
deformation, s = symmetric, as = asymmetric and d = degenerate; a1, b2, e, f2, a11, a112 and e1 are characters)  




4.7.2 Rare Earth Carbonates  
Figure 4.15a-b and 4.15c-d represent the FT-IR and Raman spectra, respectively, 
of the carbonate samples, REC-1 and REC-2. The assigned bands for all the spectra in 
Table 4.8 are in reasonable agreement with the literature data from Nakamoto (2009) and 
Scheetz and White (1977) for carbonate ions and water molecules. The presence of the 
same type of IR and/or Raman active anionic group(s) in the two carbonate samples is 
evident due to the appearance of same set of bands in the two cases.  
Free CO3











2- as described in Chapter 2 








2- is only Raman active and 2(a
11
2)-CO3
2- is only IR active. The 












2- in FT-IR and /or Raman spectra indicate the lowering of the 
symmetry of carbonate ion from its D3h symmetry in both mixtures. However, the 
wavelengths and Raman shifts of all bands, assigned in REC-1, are similar to those in 
REC-2, indicating the similar symmetry of carbonate ion in these two mixtures. 
 




(a) FT-IR: REC-1 
 
(b) FT-IR: REC-2 
 
(c)  Raman: REC-1 
 
(d)  Raman: REC-2 
 
Figure 4.15. The FT-IR and Raman spectra of (a, c) REC-1 and (b, d) REC-2 
 
 



















































(iv) 698, 725 699, 725 706, 711 (iii) 700,726 700, 726 704 
2(a1)-H2O,  
d(H-O-H) 
(v) 1628 1638 1620     
(M-H) (vi) 1779, 1812 1779, 1814 
1700 – 
2250** 
    
M = metal. Peak numbers for FT-IR and Raman spectra are as shown in Figure 4.15a-b and 4.15c-d, respectively.  








4.7.3 Fluorapatite  
The FT-IR and Raman spectra of the two fluorapatite samples, FAP-1 and FAP-
2 are shown in Figure 4.16a-b and 4.16c-d, respectively. Table 4.9 lists the assigned bands 
of the vibrational modes of PO4
3- and CO3
2- for both FT-IR and Raman spectroscopic 
analyses, which show a good agreement with the literature data assigned for inorganic 
phosphate and carbonate compounds. The differences of transmittances and intensities of 
all bands of available groups are due to the differences in the composition. However, very 
close values of all band positions indicate that the same IR and/or Raman active groups 
with same symmetries are present in the two fluorapatite samples. 
All four vibrational modes of PO4





3-,   described in Chapter 2 (Table 2.15), are Raman active, while 
only 3(f2)-PO4
3- and 4(f2)-PO4
3- are IR active. However, this concept is valid for the 
ideal symmetry state (tetrahedral symmetry, Td) of the PO4
3- ion. The change in the Td 
symmetry of PO4
3- ion to point groups of lower symmetries results the appearance of 
bands related to 1(a1)-PO4
3- and 2(e)-PO4
3- vibrational modes in FT-IR spectra 
(Nakamoto, 2009). Lowering the symmetry of PO4
3- ion from Td to C3v symmetry in FAPs 
is evident from the appearance of bands of 1(a1)-PO4
3- and 2(e)-PO4
3- in FT-IR spectra 
and degenerate vibrations of 3(f2)-PO4
3- and 4(f2)-PO4
3- bands in both FT-IR and Raman 
spectra. The appearance of a band for 1(a
1
1)-CO3
2- in FT-IR spectra and degeneracy of 
other bands in both FT-IR and Raman spectra (Table 4.9) suggest the lowering of the D3h 
symmetry of CO3
2- ion in fluorapatite.  




(a) FT-IR: FAP-1 
 
(b) FT-IR: FAP-2 
 
 (c) Raman: FAP-1 
 
(d) Raman: FAP-2 
 
Figure 4.16. The FT-IR and Raman spectra of (a, c) FAP-1 and (b, d) FAP-2 
 


















(i) 964 965 938 (i) 963 963 968* 
2(e)-PO43-, 
d(O-P-O) 















(iv) 575, 603 576, 603 520-610 (iv) 590,607 590, 607 580*, 611* 
1(a11)-CO32-, 
s(C-O) 
(v) 1088 1090 1020-1090 (v) 1077 1079 1020-1090 
2(a112)-CO32-, 
(CO3) 








1420-1480 (vi) 1495 1513 1420-1480 
4(e1)-CO32-, 
d(OCO) 
(viii) 669, 735 698, 726 680-750 (vii) 715, 785 690, 788 680-750 
Peak numbers for FT-IR and Raman spectra are as shown in Figure 4.16a-b and 4.16c-d, respectively. Abbreviations 
used in vibrational modes are same as in Table 4.7. Nakamoto (2009) for inorganic compounds; * Williams and Knittle 
(1996) for fluorapatite sample 




4.7.4 Phosphate Concentrate 
The FT-IR spectrum and the mixed Lorentz-Gaussian peak fitting for the Raman 
spectrum of the phosphate concentrate are illustrated in Figure 4.17a and 4.17b, 
respectively. The assigned bands of PO4
3-, CO3
2- and SiO4
4- for FT-IR and Raman spectra, 
listed in Table 4.10, are very close or in the range of literature data as in the cases of 
carbonate and fluoroapatite samples, described in previous sections.  
Both SiO4
4- and PO4
3- ions have similar vibrational modes as described in Chapter 
2 (Table 2.15) due to their Td (tetrahedral) symmetry. The spectral bands of FT-IR and 
Raman spectra can be assigned for phosphate groups of both FAP and other phosphate 
minerals of REEs and non-REEs which may or may not be incorporated with different 
FAP minerals noted earlier. Similarly, bands for carbonate groups can be assigned to the 
coexisting   carbonate-FAP and calcite. As discussed in Section 4.7.3, a lowering of the 
symmetry of phosphate and carbonate groups from their ideal symmetries (Td and D3h, 
respectively) can also be observed in the phosphate concentrate. The disappearance of 
some bands corresponding to silicate and silicon dioxide (Table 4.10) can be related to 
their very low intensities. However, the presence of calcium silicate and silicon dioxide 








(a) FT-IR: phosphate concentrate 
 
(b) Raman: phosphate concentrate 
 
Figure 4.17. The FT-IR spectrum (a) and Mixed Lorentz-Gaussian peak fittings for 
Raman spectrum (b) of phosphate concentrate 
 
 


















1(a1)-PO43-, s(P-O) (i) 965 938 960 960 
2(e)-PO43-, d(O-P-O) (ii) 472 420 413 450 
3(f2)-PO43-, d(P-O) (iii) 1024,1048 1000-1080 1068 1000-1080 
4(f2)-PO43-, d(O-P-O) (iv) 577,604 520-610 - 520-610 
1(a11)-CO32-, s(C-O) (v) 1087 1020-1090 1085 1020-1090 
2(a112)-CO32-, (CO3) (vi) 883 810-890  810-890 
3(e1)-CO32-, d(C-O) (vii) 1427,1454 1420-1480 1551 1420-1480 
4(e1)-CO32-, d(O-C-O) (viii) 689,746 680-750 702, 789 680-750 
1(Σg+)-SiO2, s(Si-O) (ix) 800 795
*   
2(u)-SiO2, δd(O-Si-O) (x) 478  -  
3(Σu+)-SiO2, as(Si-O)  - 1103
* 1178  
1(a1)-SiO44-, s(Si-O)  -  829 819 
2(e)-SiO44-, d(O-Si-O)  -  - 340 
3(f2)-SiO44-, d(Si-O)  -  890 956 
4(f2)-SiO44-, d(O-Si-O) (xi) 
493, 525, 
536 
527 - 527 
Peak numbers of FT-IR spectrum are shown in Figure 4.17a. Abbreviations used in vibrational modes are same as in 
Table 4.7. References: Nakamoto, 2009; *Nikabadi et al., 2013 
 
 
4.8 Summary and Conclusion 
The ICP-AES/MS is a quantitative analytical technique that provides very useful 
information about the compositions of feed materials as follows.  
➢ The two carbonate samples, REC-1 and REC-2 are mainly enriched with light 
REEs of composition in the descending order:  
REEs in REC-1: Ce(18.4%)>Nd(7.98%)>La(7.57%)>Pr(2.09%)> Sm(1.05%); 
REEs in REC-2: Ce(21.9%)>Nd(9.59%)>La(9.20%)>Pr(2.49%)> Sm(1.26%). 
The solubility of each REE as well as TREEs will be considered in different 
solutions, including pure acidic solutions and mixtures of acid-salt solutions, 
under solubility studies in Chapter 6.  
 




➢ In addition to the presence of calcium and phosphorous (as phosphate), associated 
with the fluorapatite fraction, the presence of trace amounts of other non-REEs 
(Na, Sr and Fe) and REEs (mainly La, Ce and Nd) has been quantitatively 
analysed. They show the following descending orders in FAP-1 and FAP-2: 
Non-REEs in FAP-1: Ca(33.8%)>P(12.6%)>F(2.11%)> Sr(0.32%)>Fe(0.22%)> Na(0.19%); 
Non-REEs in FAP-2: Ca(34.9%)>P(13.4%)>F(2.00%)> Na(0.25%)>Fe(0.21%); 
REEs in FAP-1: Ce(0.24%)>La(0.11%)>Nd(0.10%); 
REEs in FAP-2: Ce(0.52%)>La(0.37%)>Nd(0.15%).  
Hence, the leachability of the fluorapatite fraction, as well as minor non-REEs and REEs, 
from these samples will be investigated in the leaching study, considering natural 
fluorapatite as a low grade RE-phosphate source.  
➢ The complex mineralogy of the phosphate concentrate is evident from the 
elemental compositions in different categories and follow descending orders:  
major non-REEs : Ca(27.9%)>P(10.8%)>Si(9.05%)>Fe(2.68%)>Al(2.46%);  
major REEs : Ce(2.28%)>La(0.97%)>Nd(0.73%)>Pr(0.28%).  
The XRD, SEM-EDS, FT-IR and Raman studies were qualitative analytical techniques 
used for the characterization of the feed materials. The findings of these techniques can 
be summarized as follows. 
➢ The XRD patterns and FT-IR and Raman spectra of pure La2(SO4)3 and 
Ce2(SO4)3.8H2O will be useful for a comparison of the solids before and after 
saturation in different test solutions as described in Chapter 5 to identify the 
precipitated solids.   
➢ The presence of various RE-carbonate salts/minerals, namely kozoite (major), 
cerium carbonate hydroxide hydrate, lanthanum carbonate hydroxide and 
praseodymium carbonate hydroxide, has been identified in the two carbonate 
samples. 




➢ The presence of carbonate-FAP and the association of trace amounts of different 
RE-phosphate minerals in the FAP samples has been confirmed.  
➢ In addition to the presence of FAP as the major mineral, the presence of calcium 
silicate, calcite, calcium aluminium silicate and silicon dioxide as non-RE 
minerals, as well as cheralite (major RE-phosphate source), britholite-La and 
kainosite-Y as RE-minerals, has been identified in the concentrate.  
Hence, the solubility studies of RE-salts and leaching studies of fluorapatite and 
phosphate concentrate will be investigated in Chapter 6 and 9 to rationalise the leaching 
behaviour of individual elements of both non-REEs and REEs in different acid systems 











5 CHARACTERIZATION OF SOLIDS 
PRECIPITATED FROM SOLUTIONS 
SATURATED WITH RARE EARTH METAL 
IONS 
 
5.1 Introduction  
The phosphate concentrate is composed of fluorapatite, cheralite (rare earth 
phosphate mineral) and some gangue minerals. The purpose of the pre-leach with acids 
is to pre-dissolve fluorapatite (Equation 5.1a) and gangue minerals to enrich the leach 
residue with REEs prior to acid baking. However, as noted in Chapter 4, the REEs from 
cheralite mineral and REEs associated with fluorapatite may dissolve and re-precipitate 
during this stage, depending on the leach conditions which indicates that the change in 
the acid type can affect the solubility of REEs in the pre-leach liquors. The purpose of 
the acid bake stage is to convert the RE-phosphates to water soluble sulphates. In all 
cases, the solution may contain a mixture of sulphuric and phosphoric acids as added and 
produced acids, respectively, (Equation 5.1b) or non-REEs, as described in Chapter 4, 
which can affect the solubility of REEs in water leach liquors. Hence, neutralization or 
purification stages are operated at different pH levels to selectively remove the impurities 
and the resultant clean rare earth sulphate stream is forwarded to the precipitation stage 
of RE-carbonates or RE-hydroxides as shown in a general flowsheet in Figure 2.7 (Gupta 
and Krishnamurthy, 2005; Nolans project update, 2012). These processing steps highlight 




the importance of investigating the solubility of REEs and the effect of impurities, acid 
type, temperature and pH on the solubility of RE(III). 
 
Ca5(PO4)3F + 10HX = 5CaX2 + 3H3PO4 + HF (5.1a) 
2REPO4 + 3H2SO4 = RE2(SO4)3 + 2H3PO4 (5.1b) 
 
 Depending on the solution compositions, the precipitation of REEs in the form of 
rare earth sulphates (RE2(SO4)3.xH2O), double sulphates (MRE(SO4)2.xH2O), M = Na or 
K and phosphates (REPO4.xH2O) was highlighted in Chapter 2. The saturated solubility 
of a RE-salt is expressed as the solubility of the precipitated or residual solid at saturation 
equilibrium and is not based on the type of the initial solid used for saturation. For 
example, adding a RE-carbonate solid into a sulphuric acid solution was used to 
determine the solubility of precipitated RE-sulphate solids at saturation equilibrium. 
Hence, the precipitated or residual RE-salts need to be properly characterized using 
standard techniques for a systematic study of the solubility of RE-salts.  
This chapter describes the characterization of the precipitated or residual RE-salts 
in different solutions, involved in preliminary solubility studies, using ICP-AES/MS, 
XRD, TGA, SEM-EDS, FT-IR and Raman spectroscopic techniques, described in 
Chapter 3.  The preliminary solubility studies were carried out in sulphuric acid solutions, 
using lanthanum perchlorate solution (obtained by dissolving lanthanum oxide in 
perchloric acid), solid lanthanum sulphate, cerium sulphate and RE-carbonate as the 
initial REE sources in the absence or presence of sodium, aluminium, iron and calcium 
ions and phosphoric acid. Special attention was paid to the test solutions A, B and C 
which simulate process liquors at the water leach stage and neutralization or purification 




stages in the general flowsheet (Figure 2.7; Chapter 2) at pH ~ 2.3 and at pH ~ 5.0, 
respectively. Their compositions represent the different impurity levels which affect the 
solubility of RE(III). The solubilities of RE(III) in these stages of the general flowsheet 
have been tested at 40 oC, 60 oC and 80 oC in order to maximize the solubility of RE(III). 
Hence, the solubility experiments were conducted in laboratory at these three 
temperatures following the same conditions in the flowsheet. Minor changes to the 
compositions of these three solutions were made using different solution preparation 
methods, described in Chapter 3 in order to check positive or negative impacts on RE(III) 
solubility as mentioned in Chapter 2. However, all the prepared solutions were numbered 
and compositions were given in Tables 3.3-3.4 (Chapter 3) and 5.1-5.3 (Chapter 5). The 
solubility trends of ions of interest in various solutions will be discussed in Chapter 6, 
based on the precipitated solids identified in this chapter. 
5.2 Initial Compositions of Acids and Salts in Simulated Process Liquors  
The initial compositions of solution A, B and C and their modifications prepared 
by the methods described in Chapter 3 and outlined in Table 5.1 were analysed by ICP-
AES/MS. The results listed in Table 5.2 and 5.3, show solution compositions similar to 
those proposed in Chapter 3. The elemental assays of the starting solutions with modified 





















(xiii) A without added sodium 
Prepared without adding sodium sulphate to 
solution A 
(xiv) Pre-loaded A(I) 
1:1 (v/v) mixture of 1 M H2SO4, saturated with 
REC-1 and solution A* with doubled 
concentrations of the species 
(xv) Pre-loaded A(II) 
1:1 (v/v) mixture of 1 M H2SO4, saturated with 
REC-2 and solution A* with doubled 
concentrations of the species 
B 
(xvii) B(I) Solution B, prepared in 1.2 mol L-1 HClO4 
(xviii) 
B(I) without added 
sodium 
Prepared without adding sodium sulphate to 
solution B(I) 
C 
(xx) C(I) Solution C, prepared in 1.2 mol L-1 HClO4 
(xxi) 
C(I) without added 
sodium 
Prepared without adding sodium sulphate to 
solution C(I) 
*Free of sodium sulphate; Solution No. based on Table 3.3 (Chapter 3) 
 




Solution composition measured by ICP analysis or initial acid (g L-1) 
Na Mg Al P S K Ca Fe(III) H2SO4 H3PO4 
A 0.93 0.32 2.98 12.3 16.4 46.1 0.17 0.40 14.6 55.0 50.0 
A without added 
sodium 
0.43 0.04 2.99 11.9 12.5 47.5 0.14 0.44 14.1 55.0 50.0 
Pre-loaded A(I) 0.04 0.07 3.06 12.1 12.5 47.1 0.12 0.45 14.1 55.0 50.0 
Pre-loaded A(II) 0.54 0.08 3.03 12.1 12.4 48.2 0.11 0.46 14.2 55.0 50.0 
Descriptions of derivative solutions are in Table 5.1 
 
Table 5.3. Initial compositions of test solutions B, C, B(I) and C(I) 
Test solution pH 
(25 oC) 
Solution composition measured by ICP analysis or initial acid (g L-1) 
Na Mg Al P S K Ca Fe(III) H3PO4 HClO4 
B 2.30 0.30 23.4 12.3 3.99 50.6 0.08 0.33 2.24 12.4 (121)* 
B(I) without 
added sodium 
-0.59 0.02 27.1 12.1 3.46 56.4 0.16 0.12 2.15 10.9 121 
C 4.91 0.26 33.5 <0.01 <0.01 45.7 0.08 0.38 <0.01 - (121)* 
C(I) without 
added sodium 
-0.93 <0.01 38.8 <0.01 <0.01 51.8 0.16 0.16 <0.01 - 121 
* Perchloric acid content in solutions B and C prepared in perchloric acid (solutions B(I) and C(I)); descriptions of 
derivative solutions are in Table 5.1 
 
5.3 Elemental Assays and Molar Ratios  
5.3.1 Solids Precipitated from Lanthanum(III) Perchlorate 
Table 5.4 shows the elemental assays of the solids, precipitated during the mixing 
of lanthanum perchlorate solutions with different solutions: (iii) H2SO4, (iv) H3PO4, (v) 
H2SO4+H3PO4, (vi) H2SO4+NaClO4, (vii) H2SO4+Al(ClO4)3, (viii) H2SO4+Fe(ClO4)3, 




(x) H2SO4+NaClO4+Fe(ClO4)3 and (xi) H2SO4+Ca(ClO4)2. The elemental assays of the 
precipitated solids in simulated process liquors such as A, B, C or their modifications 
with or without added sodium salts, described in Table 5.1, are listed in Table 5.5.  
The lanthanum/sulphur (La/S) molar ratio can provide useful information on the 
nature of the precipitated solids. It is expected to be 2/3 (or 0.67) and 1/2 (or 0.50) for 
La2(SO4)3 and NaLa(SO4)2, respectively. The variations of the La/S molar ratio of 
precipitated solids, listed in Table 5.4, are compared in Figure 5.1. According to Table 
5.4, the enrichment of lanthanum in the precipitates from different test solutions, 
expressed as % (w/w), follows a descending order: H2SO4+Al(ClO4)3 > 
H2SO4+Fe(ClO4)3 > H2SO4 (alone) > H2SO4+H3PO4 > H2SO4+NaClO4+Fe(ClO4)3 > 
H3PO4 (alone) > H2SO4+NaClO4 > H2SO4+Ca(ClO4)2. In sulphate solutions (H2SO4 alone 
or mixed H2SO4+H3PO4), denoted by (iii) and (v), the La/S molar ratio is close to 0.66, 
which changes to a value close to 0.5 in the presence of sodium ions in solution (vi). This 
indicates the change in solid phase from La2(SO4)3 to NaLa(SO4)2 as expected. The pKsp 
of NaLa(SO4)2.H2O is 5.7 at 25 
oC (Lokshin et al., 2005).  
Table 5.4. Elemental compositions of precipitated solids in solutions of acids and 










Na Al Fe(III) Ca P S La 
(iii) H2SO4 -1.29 - - - - - 10.9 30.8 0.65 
(iv) H3PO4 -0.91 - - - - 8.62 - 24.8 (0.66)
a 
(v) H2SO4+H3PO4 -1.0 - - - - 0.68 10.1 27.5 0.63 
(vi) H2SO4+NaClO4 -1.31 5.29 - - - - 11.3 22.9 0.47 
(vii) H2SO4+Al(ClO4)3 -1.39 - 0.03 - - - 10.2 40.8 0.92 
(viii) H2SO4+Fe(ClO4)3 -1.46 - - 0.20 - - 9.06 33.8 0.86 
(ix) H2SO4+Al(ClO4)3+Fe(ClO4)3 - - - - - - - - - 
(x) H2SO4+NaClO4+Fe(ClO4)3 -1.41 4.13 - 0.41 - - 8.09 26.7 0.76 
(xi) H2SO4+Ca(ClO4)2 - - - - 7.18 - 5.44 2.69 
0.11 
(1.0)b 
Perchlorate salts of metal cations were used to prepare acid + salt mixtures; Concentrations: H2SO4, H3PO4, NaClO4 . 
and Ca(ClO4)2 = 1.00 mol L-1, Al(ClO4)3 and Fe(ClO4)3 = 0.25 mol L-1. pH values at 40 oC  
Approx. concentrations of ClO4- ions = 0.90 mol L-1 (solutions iii, iv and v) and 1.25-1.75 mol L-1 (solutions vi, vii, 
viii, ix, x and xi) 
a. La/P molar ratio  
b. Ca/S molar ratio 
Solution No. based on Table 3.3 (Chapter 3) 
 




Table 5.5. Elemental compositions of the precipitated solids in simulated process liquors 






Elemental composition of precipitated solids (% w/w) La/S 
molar ratio Na Mg Al P S K Ca Fe(III) La 




- 0.07 0.06 0.22 0.45 8.41 0.23 0.00 0.29 30.98 0.85 




2.3 0.06 1.46 2.02 0.92 6.83 0.23 0.01 0.39 20.78 0.70 




5.01 0.07 1.94 0.00 0.00 6.02 0.23 0.02 0.00 37.35 1.43 
Solution No. based on Table 3.3 (Chapter 3); pH values at 40 oC 
 
 
Figure 5.1. Lanthanum/sulphur molar ratio of precipitated solids from solutions listed in 
Table 5.4 
 
The mass percentages of aluminium and iron in the solids precipitated from the 
solutions loaded with these ions (0.03% (w/w) of Al and 0.20-0.41% (w/w) of Fe) are 
very low (Table 5.4) indicating that they remain in solutions without precipitation. The 
Ca/S molar ratio of the solid phase precipitated from solution (xi), noted in Table 5.4 is 
1:1.  In contrast, the La/S molar ratio of the same solid is 0.11 with only 2.69% (w/w) of 
lanthanum.  This confirms the precipitation of lanthanum entrained calcium sulphate salts 
CaSO4.xH2O. The values of pKsp are 6.51 and 4.50 at 25 
oC for x = 0.5 and 2, respectively 
(Olmsted and Williams, 2006).  The lanthanum/phosphorous (La/P) molar ratio of the 




solid precipitated from the solution of H3PO4 ((iv) in Table 5.4) is 0.66 suggesting the 
possibility of the formation of La2(HPO4)3 type solids similar to La2(SO4)3, but needs 
further investigations.  
The La/S molar ratios, which are significantly larger than 0.67 in solids 
precipitated from some solutions in Table 5.4 and 5.5, some of which are closer to unity, 
indicate the precipitation of La2(SO4)3 together with other lanthanum(III) containing 
solids. For example, solids such as La(OH)SO4 have been reported (Wang and Cheng, 
2011), in which La/S ratio is 1 but needs further investigation in future work. Moreover, 
the molar ratios of (aluminium+iron)/phosphorous are 0.95 and 0.92 in the solids 
precipitated from solution A with and without sodium, respectively, indicating the 
precipitation of most of the phosphorous in the form of AlPO4 and/or FePO4. A relatively 
high precipitation of aluminium can also be observed in solution B(I) with or without 
added sodium compared to other solutions. Furthermore, high magnesium contents in the 
initial solutions suggests the enrichment of magnesium in the precipitated solids (see 
Table 5.3 and 5.5).  The other characterization techniques, discussed below, confirm the 
precipitation of some of the solid phases proposed in this section and give more details 
on the relevant hydration numbers. 
5.3.2 Solids Precipitated from Solutions Pre-Saturated with REEs added as 
Carbonate  
A certain fraction of REEs is expected to be precipitated as double salts 
NaRE(SO4)2.H2O, due to the presence of sodium ions in the initial RE-carbonate solids 
(Table 4.1), which would lead to a molar ratio of Na:REE:S:H2O of 1:1:2:1. Figure 5.2 
plots the molar ratios of “X/Na” (X = S, Na, H2O, La, Ce, Nd and LREEs) of the 
precipitated solids in solutions A, B and C, saturated with RE(III) added as the RE-




carbonate solid (REC-1) at different temperatures. The precipitation of NaRE(SO4)2.H2O 
is evident due to the closer agreement of the plotted molar ratios with the above 








Figure 5.2. Molar ratios of X/Na (X = S, Na, H2O, La, Ce, Nd and LREEs) of precipitated 
solids in solutions (a) A, (b) B and (c) C, saturated using REC-1 solid at different 
temperatures based on data listed in Table 5A.1 (Appendix 5A). 
 
 
The mass percentages of REEs and non-REEs in the precipitated solids after 
adding RE-carbonates to various solutions are listed in Table 5.6, which indicates that the 
enrichment of REEs in various derivatives (or modifications) of solution A is higher 
compared to that in derivatives of solutions B and C. Figure 5.3 shows that the molar 
ratios of total rare earth elements to sulphur (TREEs/sulphur) are very close to 2/3 in 
precipitated solids from solutions of pre-loaded A(I), pre-loaded A(II) and B(I) without 
added sodium. These results indicate that the precipitated solid is predominantly 




RE2(SO4)3. The higher molar ratio, close to 1:1 in the case of solids precipitated from 
solution C(I) without added sodium as seen in Figure 5.3, suggests the presence of un-
dissolved REC-2 solid in the precipitate due to relatively high pH of the solution (pH ~ 
5.0). The precipitation of RE(OH)SO4 is also a possibility, as noted earlier, which needs 
further investigation in future work.  
 
Table 5.6. Elemental compositions of precipitated solids in derivatives of solutions A, B 
and C 
Element/s 
Elemental analysis of solids  (% w/w) 
Pre-loaded A(I) 
(pH = -0.24) 
Pre-loaded A(II) 
(pH = 0.04) 
B(I) without added 
sodium 
(pH = 2.30) 
C(I) without added 
sodium 
(pH = 5.01) 
TREEs 33.7 33.2 20.2 30.5 
LREEs 32.0 32.0 18.7 28.1 
MREEs 1.47 1.14 1.08 1.58 
HREEs 0.30 0.11 0.46 0.88 
Na 0.51 0.51 0.27 0.88 
Mg 0.03 0.02 1.21 1.67 
Al 0.27 0.25 2.03 0.19 
P 0.11 0.08 0.53 - 
S 12.1 12.2 7.67 7.04 
K 0.20 0.21 0.14 0.10 
Ca 0.29 0.27 0.29 0.55 
Fe 0.10 0.08 0.34 - 
(LREEs = sum of La, Ce, Pr and Nd; MREEs = sum of Sm, Gd and Eu; HREEs = sum of Y and rest of lanthanides; 
TREEs = LREEs + MREEs + HREEs) 
 
 





Figure 5.3. Molar ratio of X/S (X = LREEs, MREEs, HREEs and TREEs; S = sulphur) 
in precipitated solids of derivatives of solutions A, B and C (data from Table 5.6) 
 
The precipitation of high amounts of aluminium and magnesium from solution 
B(I) and C(I) without added sodium is evident from the results summarised in Table 5.6. 
Nevertheless, the precipitation of all aluminium ions in the form of phosphate (AlPO4) 
cannot be expected, since the molar ratio of Al/P in the precipitated solid is comparatively 
high (> 4.0) compared to the expected stoichiometric value of 1.0, calculated based on 
the chemical formula. Hence, there can be a possibility to precipitate fractions of other 
aluminium containing salts such as (Na,K)Al3(SO4)2(OH)6 (Frost et al., 2006) with 
different ions in the solution.  
5.4 X-Ray Diffraction Patterns  
5.4.1 Solids Precipitated from Lanthanum(III) Perchlorate 
The XRD patterns of the solids, precipitated after mixing lanthanum perchlorate 
solution with sodium free H2SO4 solutions in the absence or presence of H3PO4, Al(III), 
and/or Fe(III) noted as solutions (iii), (v), (vii), (viii) and (ix), are shown in Figure 5.4. In 
all cases, the predominant precipitate appears to be La2(SO4)3.9H2O based on the standard 
card numbers, listed in Table 5.7. In contrast, the precipitation of NaLa(SO4)2.H2O, as 




the predominant solid phase, from H2SO4+NaClO4 and H2SO4+NaClO4+Fe(ClO4)3 
solutions is evident from Figure 5.5a. The major solid phase formed from the solution of 
H3PO4 is LaPO4.0.5H2O (Figure 5.5b), as evident from the large value of pKsp = 25.7 of 
lanthanum phosphate at 25 oC (Liu and Byrne, 1997). Some of the limitations of the XRD 
analysis are: (i) the lower scan ranges (2-theta ranges) of the standard XRD patterns 
compared to those of experimental patterns, (ii) the absence of standard patterns for some 
rare earth salts at different hydration levels in the ICDD 2012 database.   For example, 
the first peak from the lower scan range in Figure 5.5a,b could not be matched with the 
standard XRD patterns in the data base and warrants further investigations in future work. 
 
Table 5.7. Standard card numbers of all reference solid phases, used in XRD analysis 

















Figure 5.4. The XRD analysis of precipitated solids in sodium free H2SO4 acid 
solutions; metal cations were introduced as perchlorate salts (standard card numbers 














Figure 5.5. The XRD analysis of precipitated solids in (a) sodium, sodium and iron(III) 
containing H2SO4 (H2SO4+NaClO4, H2SO4+NaClO4+Fe(ClO4)3) and (b) H3PO4 
(standard card numbers are in Table 5.7) 
 
The precipitation of CaSO4.2H2O as the predominant solid phase in the 
H2SO4+Ca(ClO4)2 solution is illustrated by the XRD pattern in Figure 5.6. Although the 
presence of a considerable amount of lanthanum in this precipitated solid is detected from 
the elemental assays (Table 5.4), the peaks related to La2(SO4)3.9H2O solid phase are not 




properly matched with the peaks of the original spectrum in this figure, possibly due to 
the entrainment of lanthanum in precipitated gypsum, as previously noted.  
 
Figure 5.6. The XRD analysis of precipitated solid in calcium containing H2SO4 
(H2SO4+Ca(ClO4)2) (standard card numbers are in Table 5.7) 
 
The XRD patterns of the precipitated solids in simulated process liquors are 
shown in Figure 5.7. Despite the different concentrations of sodium in solution A and the 
derivatives of solutions B and C (Tables 5.2 and 5.3), the major solid phase precipitated 
in all solutions is La2(SO4)3.9H2O (Figure 5.7). This indicates that the concentrations of 
sodium ions in solutions A, B(I) and C(I) are too low to precipitate a major portion of 
lanthanum in the form of NaLa(SO4)2.H2O to be detected in XRD scans. Moreover, it can 
be noticed from Figure 5.7 that the hydration level (nona-hydrated form) of La2(SO4)3 
remains unchanged whether it is precipitated in simple acidic solutions of H2SO4 (Figure 
5.4) or in complex mixtures of H2SO4, which contain different types of cations and anions 
in simulated process liquors. 





Figure 5.7. The XRD analysis of the precipitated solids in solutions A and derivatives of 
B and C (standard card numbers are in Table 5.7) 
 
5.4.2 Solids Precipitated from Lanthanum(III) or Cerium(III) Sulphate 
Some tests were conducted to check whether the added anhydrous and hydrated 
salts in the form of La2(SO4)3 and Ce2(SO4)3.8H2O, changed their character upon the 
precipitation of REEs from various solutions. The XRD scans of the precipitated or 
residual solids after saturation of lanthanum(III) and cerium(III) are shown in Figure 5.8-
5.11.  The conversion of anhydrous La2(SO4)3 to its nona-hydrated form 
(La2(SO4)3.9H2O) in H2SO4 and the different binary and ternary solution mixtures of 
H2SO4+H3PO4, H2SO4+Al(ClO4)3, H2SO4+Fe(ClO4)3  and H2SO4+Al(ClO4)3+Fe(ClO4)3 
is evident from Figure 5.8a. Likewise, Figure 5.9 shows the XRD patterns related to the 
formation of both La2(SO4)3.9H2O and LaPO4.0.5H2O in H3PO4 solution Moreover, the 
precipitation of NaLa(SO4)2.H2O and La2(SO4)3.9H2O in the binary solution mixture of 




H2SO4+NaClO4 as the major and minor solid phases, respectively, can be noticed in 
Figure 5.8b.  
Although Ce2(SO4)3.8H2O was the only initially added solid, the precipitates from 
the solutions of H2SO4 and mixtures of H2SO4+H3PO4 and (H2SO4+Al(ClO4)3 and/or 
Fe(ClO4)3) are composed of both Ce2(SO4)3.8H2O and Ce2(SO4)3.9H2O,  showing a 
tendency of further hydration (Figure 5.10a). The precipitation of NaCe(SO4)2.H2O in the 
binary solution mixture of H2SO4+NaClO4 (Figure 5.10b) and CePO4.H2O in H3PO4 
(Figure 5.11) indicate similarity to the precipitations of lanthanum salts, which have been 
previously discussed. 









Figure 5.8. Comparison of XRD patterns of solids in saturated solutions of La2(SO4)3 
with standard XRD patterns; (a) H2SO4, the mixture of H2SO4 and H3PO4, aluminium 
and/or iron(III) containing H2SO4 and (b) sodium containing H2SO4 (standard card 
numbers are in Table 5.7) 







Figure 5.9. Comparison of XRD pattern of solid in saturated H3PO4 solution of La2(SO4)3 














Figure 5.10. Comparison of XRD patterns of solids in saturated solutions of 
Ce2(SO4)3.8H2O with standard XRD patterns; (a) H2SO4, mixture of H2SO4 and H3PO4, 
aluminium and/or iron(III) containing H2SO4 and (b) sodium containing H2SO4 (standard 
card numbers are in Table 5.7) 





Figure 5.11. Comparison of XRD pattern of solid in saturated H3PO4 solution of 
Ce2(SO4)3.8H2O with standard XRD patterns (standard card numbers are in Table 5.7) 
 
5.4.3 Solids Precipitated from Mixed Rare Earth Carbonates 
The XRD analyses of the solids, precipitated from solutions A, B and C, saturated 
with REC-1 solid, are shown in Figure 5.12. The precipitation of all major REEs 
(lanthanum, cerium, praseodymium and neodymium), in the form of double sulphate salts 
of sodium analogues, is evident from the discussion presented above. However, the XRD 
pattern of the solid produced from the derivatives of solution A saturated with REE by 
adding REC-2 shown in Figure 5.13a indicates RE2(SO4)3.xH2O as the predominant 
precipitate.   
In contrast, the identification of the solids precipitated from the derivatives of 
solutions B and C as hydrated RE-sulphate salts with different hydration numbers was 
not very successful (Figure 5.13b). This is due to the co-precipitation of aluminium and 
magnesium containing solids, along with RE-sulphate solids as discussed in Section 
5.3.2. Moreover, the presence of undissolved RE-carbonates in the precipitated solid, 




because of a relatively high pH value, can also interfere with the peak assignment of the 
XRD patterns of solids precipitated from solution C or its derivatives at pH ~ 5.0. 
 
Figure 5.12. The XRD analysis of precipitated solids in solutions A, B and C, saturated 

















Figure 5.13. The XRD analysis of precipitated solids in derivatives of solutions (a) A and 
(b) B and C, saturated using REC-2 solid (standard card numbers are in Table 5.7) 
.  
 




5.5 Thermogravimetric Analysis of Hydrated Salts 
The different hydration levels of the precipitated solids can be further tested using 
 thermogravimetric analysis and comparing the measured loss of mass (%) with the water 
loss (%) calculated from the hydrated formulae of various solids (see Table 5.8) identified 
by XRD analyses.  Figure 5.14 illustrates the TGA curves of the solids formed after 
adding lanthanum perchlorate solution, La2(SO4)3 (anhydrous) or Ce2(SO4)3.8H2O to 
some selected solutions. The TGA curves of the precipitated solids in other solutions are 
included in Appendix 5A. The precipitated or residual solids at the saturation equilibria 
after mixing various solutions with lanthanum(III) perchlorate solution and 
lanthanum(III) or cerium(III) sulphate solids identified using XRD analyses are listed in 
Table 5.9 and 5.10.  
Table 5.8. Reduced mass percentages of different rare earth salts due to complete water 
loss 
Compound Mass reduction due to water 
loss* (%) 
 La2(SO4)3.9H2O 22.2 
 NaLa(SO4)2.H2O 4.84 





* Theoretically calculated based on chemical formulae 
 
The reduced mass of these solids due to the loss of water during 
thermogravimetry, expressed as percentages, as well as the hydration number (value of 
x) of different salts are also listed in Table 5.9. The value of x is close to 9 in most cases 
and consistent with the XRD analysis. Thus, the solids precipitated from solution (iii), 
(vii), (viii), (xii), (xiii), (xx) and (xxi) appear to be La2(SO4)3.9H2O. In addition to 
La2(SO4)3.9H2O, the precipitation of other hydrated forms of La2(SO4)3 and/or LaPO4 
(La2(SO4)3.7H2O (00-041-0510), La2(SO4)3.6H2O (00-022-0375), La2(SO4)3.4H2O (01-




073-9644) and LaPO4 (00-004-0635)) as the minor components in H2SO4+H3PO4 
solution (solution (v)) can be suggested. However, the available information on sodium 
lanthanum sulphate in the ICDD 2012 database, used in XRD analysis, is limited to the 
monohydrated form (NaLa(SO4)2.H2O). This leads to some discrepancies between the 
results of XRD and TGA analyses in solution (vi) and (x), evident in Table 5.9, which 
could be due to the precipitation of mixed salts, but warrants further investigation in 
future work.  
The reduced mass percentage of the solid precipitated in H3PO4 (solution (iv)), 
saturated using lanthanum sulphate, is very high (13.40%) compared to that calculated 
for LaPO4.0.5H2O in Table 5.8 (3.71%), suggesting a mixture of both LaPO4.0.5H2O and 
La2(SO4)3.9H2O in this solid phase (Table 5.10). Likewise, the solid precipitated in the 
binary solution H2SO4+NaClO4, saturated using lanthanum sulphate, shows a high mass 
reduction compared to the theoretical value for NaLa(SO4)2.H2O in Table 5.8 (4.82%), 
again suggesting  the precipitation of both NaLa(SO4)2.H2O and La2(SO4)3.9H2O as 
identified by XRD analysis (Table 5.10). 
Based on TGA, the mass loss of solids in solutions (iii), (v) and (viii) saturated 
using cerium sulphate noted in Table 5.10, show the existence of Ce2(SO4)3.9H2O as the 
predominant solid phase. The XRD analysis shows the existence of NaCe(SO4)2.H2O in 
the solid precipitated from solution (vi), while the TGA mass loss is related to a different 
hydration number, leading to a discrepancy (Table 5.10). Similarly, the solid in H3PO4, 
precipitated from cerium(III) sulphate, is not composed only of CePO4.H2O, since the 
observed mass loss (Table 5.10) is not comparable to the calculated value for CePO4.H2O 
in Table 5.8. This suggests only a partial conversion of Ce2(SO4)3.8H2O into CePO4.H2O 
in H3PO4.  
 




(a) La(ClO4)3 in H2SO4 
 
(b) La(ClO4)3 in H2SO4+NaClO4 
 
(c) La(ClO4)3 in solution A 
 
(d) La(ClO4)3 in solution C(I) 
 
(e) La2(SO4))3 in H2SO4 
 
(f) Ce2(SO4)3.8H2O in H2SO4 
 
Figure 5.14. The TGA and DSC curves of precipitated solids in lanthanum perchlorate in 
(a) H2SO4, (b) H2SO4+NaClO4, (c) solution A and (d) solution C(I); precipitated or 
residual solids in H2SO4, saturated with (e) anhydrous La2(SO4)3 and (f) Ce2(SO4)3.8H2O 
  




Table 5.9. Results of thermogravimetric analysis of precipitated solids in different 





of hydrated solid 
(based on XRD) 
Reduced 
mass of 
solid due to 
water loss 
(%) 
Value of x in the 
formula 
RE2(SO4)3.xH2O 
(based on TGA 
mass loss) 
Value of x in the 
formula 
NaRE(SO4)2.xH2O 
(based on TGA mass 
loss) 
(iii) H2SO4 La2(SO4)3.9H2O 22.46 9  
(iv) H3PO4 LaPO4.0.5H2O NA   
(v) H2SO4+H3PO4 La2(SO4)3.9H2O 27.83 NA  
(vi) H2SO4+NaClO4 NaLa(SO4)2.H2O  16.37  4 
(vii)  H2SO4+Al(ClO4)3 La2(SO4)3.9H2O 22.29 9  
(viii) H2SO4+Fe(ClO4)3 La2(SO4)3.9H2O 22.87 9  
(x) H2SO4+NaClO4+Fe(ClO4)3 NaLa(SO4)2.H2O 28.24  8 
(xii) A La2(SO4)3.9H2O 22.78 9  
(xiii) A without added sodium La2(SO4)3.9H2O 22.09 9  
(xx) C(I) La2(SO4)3.9H2O 21.76 9  
(xxi) C(I) without added sodium La2(SO4)3.9H2O 21.81 9  
a Lanthanum perchlorate containing solutions; NA = Not available  
 
Table 5.10. Results of thermogravimetric analysis of precipitated solids in different 






















Value of x in the 
formula 
RE2(SO4)3.xH2O 












Value of x in the 
formula 
RE2(SO4)3.xH2O 
 (based on TGA 
mass loss) 


















15.00 NA NaCe(SO4)2.H2O 20.09 (5) 
















5.6 Raman and Fourier Transform Infrared Spectra  
5.6.1 Raman Spectra 
The Raman spectra of the precipitated solids in acids, mixed acid-salt solutions 
and simulated process liquors, saturated with La(III) using lanthanum perchlorate, are 
shown in Figure 5.15. The assigned bands of these spectra and characteristic bands for 
sulphate ion (Nakamoto, 2009) are listed in Table 5.11. According to this table, almost 
similar Raman shifts to all the vibrational modes of SO4





2-), described in Chapter 2 (Table 2.15), can be noticed. This 
indicates the precipitation of La2(SO4)3.9H2O as the major solid phase from solutions of 
H2SO4, H2SO4+H3PO4, H2SO4+Al(ClO4)3, H2SO4+Fe(ClO4)3 and all A, B and C type 
solutions.  
The solids precipitated in binary or ternary solutions of H2SO4+NaClO4 or 
H2SO4+NaClO4+Fe(ClO4)3 show doubly degenerate bands of 4(f2)-SO4
2- and 3(f2)-
SO4
2- and the shift in the band position of 1(a1)-SO4
2- from that of La2(SO4)3.9H2O 
(Table 5.11).  These results indicate the linkage or association of sulphate ions with 
sodium ions, lowering the symmetry of sulphate ion. The interaction of one part of 
sulphate ions with calcium ions and the other part with lanthanum(III) ion may cause the 
double degeneracy of 4(f2)-SO4
2- of the solid phase precipitated in the binary solution 
H2SO4+Ca(ClO4)2. 
 The band of 1(a1)-ClO4
- with relatively low intensities can be observed due to 
the occlusion of a trace quantity of ClO4
- ion in the solid phases during precipitation. 
However, the other bands of ClO4
- are difficult to observe due to very low intensities. 




            (a) 
 
           (b)  
 
Figure 5.15. Raman spectra of precipitated solids in lanthanum perchlorate in: (a) acids, 









Table 5.11. Band assignment of Raman spectra of all precipitated solids 
 
Raman shift (cm-1) 
1(a1)-SO42- 2(e)-SO42- 3(f2)-SO42- 4(f2)-SO42- 1(a1)-ClO4- 
Inorganic compounds 
(Nakamoto, 2009) 











H2SO4 990 436, 470 1178 627 937 
            H2SO4+H3PO4 990 436, 470 1178 627 937 
H2SO4+Al(ClO4)3 990 436, 470 1178 627 937 
H2SO4+Fe(ClO4)3 990 436, 470 1178 627 937 
 H2SO4+NaClO4 1010 428, 488 1130, 1155 627, 663 937 
H2SO4+NaClO4+Fe(ClO4)3 1010 428, 488 1130, 1155 627, 663 937 
H2SO4+Ca(ClO4)2 995, 1010 418, 497 1136 627, 675 937 
All A, B and C 990 436, 470 1174 626 935 
Data from Figure 5.15 
 
5.6.2 Fourier Transform Infrared Spectra 
The FT-IR spectra of the solids precipitated in different solutions, including 
simulated process liquors, are illustrated in Figure 5.16 and 5.17 with the assigned bands 
of IR active vibrational modes listed in Table 5.12. The precipitation of La2(SO4)3.9H2O 
is revealed by the band positions of the FT-IR spectra of the solids in the same set of 
solutions, similar to those mentioned in the Raman spectroscopic study. The degenerate 
bands related to 4(f2)-SO4
2- of the precipitated double salt NaLa(SO4)2.H2O) in binary 
and ternary solutions of H2SO4+NaClO4 or H2SO4+NaClO4+Fe(ClO4)3  show a clear 
difference from the bands related to La2(SO4)3.9H2O precipitated from other solutions. 
Moreover, the appearance of the 2(e)-SO4
2- vibration mode, which can be observed only 
in the spectrum of NaLa(SO4)2.H2O, is identified as another difference between the 
spectra related to NaLa(SO4)2.H2O and La2(SO4)3.9H2O (Figure 5.16).  
The degeneracy of the band of 4(f2)-SO4
2- of the solid containing calcium ion 
(gypsum), precipitated from H2SO4, is almost similar to that of NaLa(SO4)2.H2O, except 
for the absence of the 2(e)-SO4
2- mode in the spectrum of the former solid phase (Figure 
5.16). The degeneracy of the bands of 3(f2)-PO4
3- at 1058, 1100, 1125 and 1160 cm-1 
and 4(f2)-PO4
3- at 625, 631 and 640 cm-1 and the appearance of the band of 2(e) PO4
3- 
at 549 cm-1 are evident from the spectrum of the solid precipitated in H3PO4 (Figure 5.16). 




The degeneracy of some bands takes place due to the site effect (Nakamoto, 2009). 
Based on these facts, it can be suggested that the symmetry of the sulphate ion in 
NaLa(SO4)2.xH2O is significantly deviated from Td due to the effect of both 
lanthanum(III) and sodium ions on sulphate ion. In comparison, the sulphate ion in 
La2(SO4)3.9H2O and gypsum is only moderately deviated from the Td symmetry. 
Likewise, phosphate ion in the precipitated solid phase (LaPO4.0.5H2O) in H3PO4 can 













Figure 5.16. The FT-IR spectra of precipitated solids in lanthanum perchlorate in acids, 
mixtures of acids and salts 
 
 
Figure 5.17. The FT-IR spectra of precipitated solids in lanthanum perchlorate in 
simulated industrial process liquors and their derivatives 
 
 




Table 5.12. Band assignment of FT-IR spectra of all precipitated solids 
 
Wavenumber (cm-1) 
1(a1)-SO42- 2(e)-SO42- 3(f2)-SO42- 4(f2)-SO42- 2-(H2O) 
Inorganic compounds 
(Nakamoto, 2009) 











H2SO4 990 - 1064-1180 606, 640 1638, 1672 
H2SO4+H3PO4 990 - 1064-1180 606, 656 1638, 1672 
H2SO4+Al(ClO4)3 990 - 1064-1180 606, 644 1638, 1672 
H2SO4+Fe(ClO4)3 990 - 1064-1180 606, 650 1638, 1672 
 H2SO4+NaClO4 1007 499 1114-1150 606, 628, 658 1624 
H2SO4+NaClO4+Fe(ClO4)3 1007 499 1114-1150 606, 629, 656 1622 
H2SO4+Ca(ClO4)2 1007 - 1106-1150 607, 630, 671 1625, 1690 
A 990 - 1155 603, 650 1634 
A with low sodium 990 - 1068-1184 603, 630, 638 1639, 1665 
B(I) 990 - 1068-1184 601, 629, 645 1637, 1665 
B(I) with low sodium 990 - 1068-1184 603, 631, 657 1628, 1665 
C(I) 990 - 1068-1184 605, 632, 641 1635, 1666 
C(I) with low sodium 990 - 1068-1184 610, 632, 644 1634, 1666 
Data from Figure 5.16 and 5.17 
 
 
The precipitation of all solids as hydrated species is evident from the band of 
2(H2O) (O-H bending vibration mode) in the range of 1622-1672 cm
-1 in FT-IR spectra 
(Table 5.12). The presence of two well separated bands of 2(H2O) in the solid phase 
(gypsum) precipitated from the binary solution of H2SO4+Ca(ClO4)2 indicates that there 
are two crystallographically distinct types of water. This can also be suggested for 
La2(SO4)3.9H2O, due to the slight separation of 2(H2O) into two bands shown in Figure 
5.16 and 5.17. The two types of water can be linked with either sulphate ions or cations 











5.7 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 
5.7.1 Solids Precipitated from Lanthanum(III) Perchlorate 
Figure 5.18, 5.19 and Figure 5A.3 (Appendix 5A) show the SEM images and the 
EDS patterns of the precipitated solids in saturated solutions of H2SO4 in the absence or 
presence of sodium ions and/or iron(III), H3PO4 and calcium ions. The similar textures 
and EDS patterns with peaks for lanthanum, sulphur and oxygen in the solid phases in all 
sodium/calcium free H2SO4 solutions are due to the precipitation of La2(SO4)3.9H2O as 
the major solid phase, identified in other studies. 
The peaks related to lanthanum, phosphorous and oxygen appear in the EDS 
pattern of the solid precipitated from H3PO4 solution, indicating the precipitation of 
lanthanum phosphate. According to the XRD analysis, LaPO4.0.5H2O is precipitated 
from H3PO4, but its texture is different from that of La2(SO4)3.9H2O (Figure 5.18a and 
5.19a). The peaks related to carbon and chlorine in the EDS patterns of all solids are due 
to carbon conductive tabs pasted on specimen holders and the entrainment of perchlorate 
ions in the precipitated solids, respectively. The solids precipitated from solutions of 
H2SO4, which contain sodium and iron(III), show another texture in SEM images and a 
peak in the EDS pattern related to sodium, in addition to the peaks of lanthanum, sulphur 
and oxygen (Figure 5.18c-f). This is caused by the presence of solid NaLa(SO4)2, but 
contamination with iron is evident from the small peak for Fe in Figure 5.18f. As noted 
earlier, the major solid phase precipitated from the binary solution of H2SO4+Ca(ClO4)2 
is CaSO4.2H2O and hence, its texture and EDS pattern are totally different from that of 
La2(SO4)3.9H2O (Figure 5.18a-b and 5.19c-d). 
















Figure 5.18. The SEM images and EDS patterns of precipitated solids in lanthanum 
perchlorate in solutions; (a-b) H2SO4, (c-d) H2SO4+NaClO4 and (e-f) 
H2SO4+NaClO4+Fe(ClO4)3 
 












Figure 5.19. The SEM images and EDS patterns of precipitated solids in lanthanum 
perchlorate in solutions; (a-b) H3PO4 and (c-d) H2SO4+Ca(ClO4)2 
 
The texture and EDS pattern of the precipitated solid in solution A (Figure 5.20a-
b) is similar to those in the case of La2(SO4)3.9H2O, described above (Figure 5.18a-b). 
However, the textures of the precipitated solids from solutions B(I) and C(I) (Figure 
5.20c,e) are considerably different from those of La2(SO4)3.9H2O, indicating the presence 
of other precipitates together with La2(SO4)3.9H2O. The EDS patterns of solids in these 
derivative solutions show peaks related to aluminium and/or magnesium with relatively 
high intensities, due to the precipitation of aluminium and/or magnesium containing 
solids (Figure 5.20d,f). The minor precipitations of NaLa(SO4)2 can also be suggested 
from the peaks of sodium, appearing in Figure 5.20b,f. 




(a) Solution A 
 
(b) Solution A 
 
(c) Solution B(I) 
 
(d) Solution B(I) 
 
 
(e) Solution C(I) 
 
(f) Solution C(I) 
 
Figure 5.20. The SEM images and EDS patterns of precipitated solids in lanthanum 
perchlorate or oxide added simulated industrial process liquors and their derivatives; (a-








5.7.2 Solids Precipitated from Lanthanum(III) and Cerium(III) Sulphate  
The SEM images and EDS patterns of the precipitated or residual solids from the 
solutions of H2SO4, H3PO4 and H2SO4+NaClO4, saturated using La2(SO4)3 and 
Ce2(SO4)3.8H2O, are shown in Figure 5.21 and 5.22, respectively. The SEM images and 
EDS patterns of the solids in other solutions, saturated with lanthanum and cerium 
sulphates, are presented in Figure 5A.4 (Appendix 5A). The precipitation of 
La2(SO4)3.9H2O is evident from the similar textures and peaks of lanthanum, sulphur and 
oxygen in EDS patterns, as described previously (Figure 5.18a-b). The appearance of 
peaks related to phosphorous and sodium in the EDS patterns of the appropriate solids 
(Figure 5.21f and 5.21h) indicates the precipitation of LaPO4.0.5H2O and 
NaLa(SO4)2.H2O as the major solid phases from solutions of H3PO4 and H2SO4+NaClO4, 
respectively, and reveals textures which are totally different from those of 
La2(SO4)3.9H2O. Moreover, the textures of all the precipitated solids are different from 
that of the initially added anhydrous La2(SO4)3 (Figure 5.21a). 
The previously described XRD analyses showed the formation of Ce2(SO4)3.9H2O 
due to the enhancement of the hydration number of Ce2(SO4)3.8H2O in solutions of 
H2SO4, H2SO4 + H3PO4, and H2SO4+Al(ClO4)3 and/or Fe(ClO4)3. However, the SEM 
images do not show a significant change in the texture of Ce2(SO4)3.8H2O due to this 
enhanced hydration (Figure 5.22a,c and 5A.4). The partial precipitation of CePO4.H2O in 
H3PO4 solutions causes the variation of the texture of one part of Ce2(SO4)3.8H2O (Figure 
5.22a,e), while the texture is totally different from the solid precipitated in the binary 
solution of H2SO4+NaClO4, due to the precipitation of NaCe(SO4)2 as the predominant 
solid (Figure 5.22a,g). These precipitations are also supported by the peaks of 
phosphorous and sodium appearing in the EDS patterns (Figure 5.22f,h). 




(a) Pure La2(SO4)3 (anhydrous) 
 














Figure 5.21. The SEM images and EDS patterns of (a-b) anhydrous La2(SO4)3 and 
saturated solutions using La2(SO4)3; (c-d) H2SO4, (e-f) H3PO4 and (g-h) H2SO4+NaClO4 




(a) Pure Ce2(SO4)3.8H2O 
 














Figure 5.22. The SEM images and EDS patterns of (a-b) Ce2(SO4)3.8H2O and saturated 
solutions using Ce2(SO4)3.8H2O; (c-d) H2SO4, (e-f) H3PO4 and (g-h) H2SO4+NaClO4 




5.8 Summary and Conclusion 
The summary of findings from elemental assays and molar ratios, X-ray 
diffraction patterns and thermogravimetric analysis of hydrated solids is listed in Table 
5.13. Although there are some discrepancies in the hydration numbers of few precipitated 
solids, based on XRD scans and thermogravimetric analysis, the main points related to 
the solutions saturated with La(III) by adding La(ClO4)3 can be highlighted as: (i) the 
precipitation of La2(SO4)3.9H2O as the predominant solid in the absence of Na
+ ions in 
H2SO4 solutions as well as in process liquors and (ii) the precipitation of NaLa(SO4)2.H2O 
and LaPO4.0.5H2O in the binary solution of H2SO4+NaClO4 and in H3PO4, respectively.  
In the case of Na+ free H2SO4 solutions, the addition of La2(SO4)3 causes the 
precipitation of La2(SO4)3.9H2O, but the precipitation of Ce2(SO4)3.9H2O and the 
presence of residual Ce2(SO4)3.8H2O are evident when Ce2(SO4)3.8H2O is added as the 
initial solid.  In contrast, the addition of La2(SO4)3 to a solution of H3PO4 causes the 
precipitation of a mixture of LaPO4.0.5H2O and La2(SO4)3.9H2O. In the case of a binary 
solution of H2SO4+NaClO4, the addition of La2(SO4)3 leads to the minor precipitation of 
La2(SO4)3.9H2O in addition to NaLa(SO4)2.H2O. Likewise, the evidences show that the 
addition of Ce2(SO4)3.8H2O causes the precipitation of a solid mixture of CePO4.H2O and 
Ce2(SO4)3.8H2O in a solution of H3PO4, and NaCe(SO4)2.H2O in a binary solution of 
H2SO4+NaClO4 .  
All major REEs are precipitated in the form of NaRE(SO4)2.H2O in solutions A, 
B and C saturated with RE(III) by adding REC-1 solid due to the presence of relatively 
high concentration  of Na+ ions in the initial solutions. However, RE2(SO4)3.xH2O (x = 9 
for La and x =  8 for Ce, Pr and Nd) are the predominant solid phases in derivatives of 
solution A. This includes pre-loaded A(I) and A(II) saturated with RE(III) by adding 




REC-2 solid as a result of the lower concentration of sodium ion in the starting liquors. 
The SEM images showed different textures for RE-precipitates mentioned above. The 
qualitative identifications of the elements with their composition in the precipitated solids 
were achieved using EDS patterns.  The assigned bands and degeneracy in Raman and 































 added salts 
Evidences from different techniques on residual/precipitated solids 







on molar ratio 
Chemical formula of 
hydrated solid 
 
Value of x in formula 
RE2(SO4)3.xH2O  
(iii) H2SO4 
La(ClO4)3  0.65 La2(SO4)3 La2(SO4)3.9H2O 9 
La2(SO4)3  NA NA La2(SO4)3.9H2O 9 







 La2(HPO4)3 LaPO4.0.5H2O NA 









La(ClO4)3 0.63 La2(SO4)3 La2(SO4)3.9H2O NA 
La2(SO4)3  NA NA La2(SO4)3.9H2O 9 





La(ClO4)3 0.47 NaLa(SO4)2 NaLa(SO4)2.H2O (4) 




Ce2(SO4)3.8H2O  NA NA NaCe(SO4)2.H2O (5) 
(vii) H2SO4+Al(ClO4)3  
La(ClO4)3 0.92 La(OH)SO4 La2(SO4)3.9H2O 9 
La2(SO4)3  NA NA La2(SO4)3.9H2O 9 




(viii) H2SO4+Fe(ClO4)3  
La(ClO4)3 0.86 La(OH)SO4 La2(SO4)3.9H2O 9 
La2(SO4)3  NA NA La2(SO4)3.9H2O 9 











La(ClO4)3 0.76 NA NaLa(SO4)2.H2O (8) 





(CaSO4.xH2O) CaSO4.2H2O (major) NA 
(xii) A 
La(ClO4)3 0.77 NA 
La2(SO4)3.9H2O (major) 
NaLa(SO4)2. H2O (minor) 
9 
REC-1 NA NA NaRE(SO4)2.H2O NA 
(xiii) 
A without added 
sodium 
La(ClO4)3 0.85 NA La2(SO4)3.9H2O 9 
(xiv) Pre-loaded A(I) REC-1 (0.63)
c
 RE2(SO4)3 RE2(SO4)3.nH2O NA 
(x) Pre-loaded A(II) REC-2 (0.62)
c
 RE2(SO4)3 RE2(SO4)3.nH2O NA 
(xvi) B REC-1  NA  NaRE(SO4)2.H2O NA 
(xvii) B(I)  La2O3 0.71  
La2(SO4)3.9H2O (major) 
NaLa(SO4)2. H2O (minor) 
NA 
(xviii) 
B(I) without added 
sodium 
La2O3 0.70 La2(SO4)3 La2(SO4)3.9H2O  
REC-2  (0.60)
c
 RE2(SO4)3   
(xix) C REC-1  NA  NaRE(SO4)2.H2O  
(xx) C(I)  La(ClO4)3 0.85  
La2(SO4)3.9H2O (major) 
NaLa(SO4)2. H2O (minor) 
9 
(xxi) 
C(I) without added 
sodium 
La2O3 1.43  La2(SO4)3.9H2O 9 
REC-1  (0.99)c    
a. La/P, b. Ca/S, and c. Total REEs/S molar ratios; NA = Not available; RE = La, Ce, Pr or Nd; (4), (5) and (8) in last 
column represent x in formula NaRE(SO4)2.xH2O






6 SATURATED SOLUBILITY OF RARE 




The solubilities of single or double sulphate salts RE2(SO4)3.xH2O and 
MRE(SO4)2.xH2O in water and sulphuric acid solutions have been extensively studied, 
reviewed and summarised by previous researchers as described in Chapter 2 (Barabash 
et al., 1972; Linke, 1965; Lokshin et al., 2005; Rard, 1985, 1988; Shevchuk and Skorikov, 
1980; Spedding and Jaffe, 1954). However, the interferences of different cations and 
anions dissolved from the concentrate on the solubility of these salts have not been 
extensively investigated in the previous studies. The solubility of REEs in mixed acid-
salt solutions, which simulate the industrial process liquors as described in Chapter 2 and 
5, are more important in practice for process development.  
The precipitated solids from different acid-salt solutions, representing process 
liquors, saturated with RE(III) by adding different types of rare earth salts in the form of: 
(i) lanthanum(III) perchlorate solution, (ii) lanthanum(III) and cerium(III) sulphate 
solids, and (iii) mixed RE-carbonates, have been characterized using standard techniques, 
namely ICP-AES/MS, XRD, TGA, FT-IR and Raman and SEM-EDS, which assisted the 
identification of the precipitated solids as described in Chapter 5.  The solubility trends 
of rare earth metal ions in the same set of solutions are discussed in this chapter.  




The solubility of REEs added as mixed RE-carbonate solids was also tested in 
perchloric acid and sulphuric acid to check the effect of anions (perchlorate or sulphate) 
on the solubility of REEs. The initial compositions of acids and salts in simulated process 
liquors and their derivatives were mentioned in Chapter 5. Although mixed RE-carbonate 
solids were the initial sources of REEs used to investigate the solubility of REEs in these 
solutions, the measured solubility represents that of mixed RE-sulphates at saturation due 
to the conversion of the mixed RE-carbonate solids to RE-sulphates in the acidic media 
as shown in the following reaction. 
RE2(CO3)3 + 3H2SO4 + (x-3)H2O = RE2(SO4)3.xH2O + 3CO2 (6.1) 
 
The solubility of lanthanum(III) becomes limited due to the precipitation of 
lanthanum(III) salts in the form of sulphate, phosphate and double sulphate as identified 
from the characterization techniques in Chapter 5. The chemical reactions and pKSP 
values from Chapter 2, relevant to some of the precipitation reactions are also listed 
below:  
Na+ +  La3+ + SO4
2− + xH2O = NaLa(SO4)2. xH2O(s) 
(when x = 1, pKsp = 5.70 at 25 
oC; Lokshin et al., 2005) 
(6.2a) 
NaLa(SO4)2. xH2O(s) =  Na
+ +  La3+ + 2SO4
2− +  xH2O (6.2b) 
NaLa(SO4)2.xH2O(s) = {Na(SO4)}- + {La(SO4)}+ + xH2O 
(when x = 1, pKsp = 1.43 at 25 
oC) 
(6.2c) 
La3+ +  PO4
3− =  LaPO4(s)  
(pKsp = 25.7 at 25 
oC; Liu and Byrne, 1997) 
(6.2d) 
LaPO4.0.5H2O(s) = La3+ + PO43- + 0.5H2O (6.2e) 
LaPO4.0.5H2O(s) + H3PO4 = {La(H2PO4)}2+ + HPO42- + 0.5H2O (6.2f) 




La2(SO4)3.xH2O(s) = 2{La(SO4)}+ + SO42- + xH2O (6.2g) 
La2(SO4)3.xH2O(s) + H+ = 2{La(SO4)}+ + HSO4-  + xH2O (6.2h) 
The differences in solubilities based on the precipitated solids identified in 
Chapter 5 and aqueous complex formations between cations (aluminium, iron(III) and 
RE(III)) and anions (sulphate and phosphate), are discussed throughout this chapter as 
beneficial or detrimental effects on the solubility of REEs. The Raman spectroscopic 
evidences for the formation of aqueous complex species will be discussed in Chapter 7.  
6.2 Comparison of Pure RE(III) Salt Solubility in Acids and Acid-Salt 
Mixtures 
The saturated concentrations of lanthanum(III) ions added as perchlorate or 
anhydrous sulphate and cerium(III) ions added as sulphate (octahydrate) in solutions of 
different acids and acid-salt mixtures at 40 oC, 60 oC and 80 oC are listed in Table 6.1. 
The solubility of La(ClO4)3 in water denoted by (i) is very high and therefore not tested 
or reported in Table 6.1. The precipitated solids in each solution, identified in Chapter 5, 
are also listed in Table 6.1.  The variations of actual solubility depend on the stability of 
sulphate and phosphate complexes of H+, Na+, RE(III), Fe(III) and aluminium ions 
discussed in Chapter 2 as well as the type of solid which precipitated from solutions noted 



















Concentration of RE(III) 
(10-2 mol L-1) 
La Ce 
(i) H2O 
La2(SO4)3 40 NA 4.64  
Ce2(SO4)3.8H2O 40 NA  13.0 
(iii) H2SO4 
La(ClO4)3 
40 La2(SO4)3.9H2O 6.38  
60 La2(SO4)3.9H2O 6.07  
80 La2(SO4)3.9H2O 5.95  







40 LaPO4.0.5H2O 4.51 
 
60 LaPO4.0.5H2O 3.32  











40 La2(SO4)3.9H2O 7.98 
 
60 La2(SO4)3.9H2O 7.50  
80 La2(SO4)3.9H2O 7.37  







40 NaLa(SO4)2.H2O 0.09 
 
60 NaLa(SO4)2.H2O 0.11  





Ce2(SO4)3.8H2O 40 NaCe(SO4)2.H2O  0.03 
(vii) H2SO4+Al(ClO4)3 
La(ClO4)3 
40 La2(SO4)3.9H2O 5.79 
 
80 La2(SO4)3.9H2O 9.45  







40 La2(SO4)3.9H2O 7.28 - 
80 La2(SO4)3.9H2O 13.7  







40 La2(SO4)3.9H2O 3.12 - 
80 La2(SO4)3.9H2O 6.12  





(x) H2SO4+NaClO4+Fe(ClO4)3 La(ClO4)3 
40 NaLa(SO4)2.H2O 0.04 - 
80 NaLa(SO4)2.H2O 0.06  
(xi) H2SO4+Ca(ClO4)2 La(ClO4)3 
40 CaSO4.2H2O 38.8 - 
80 NA 41.5  
* Based on XRD analysis (Chapter 5); NA = not available; Concentrations: 1.0 mol L-1 (H2SO4, H3PO4, 
NaClO4 and Ca(ClO4)2) and 0.25 mol L-1  (Al(ClO4)3 and Fe(ClO4)3)  




6.2.1 Effect of Salt Type at 40 oC 
Figure 6.1 compares the results to show the effect of (i) salt type added and (ii) 
acid and salt type in solution, on the saturated solubility of RE(III). The general 
descending order of solubility based on the added salt type in a given type of solution 
such as H2SO4 follows the order: Ce2(SO4)3.8H2O (solid) > La2(SO4)3 (solid) > La(ClO4)3 
(solution). The low solubility in solutions, equilibrated with La(ClO4)3 solutions, is a 
result of the low total sulphate available in these solutions for the complexation with 
La(III) ions. The exceptionally low solubility in NaClO4+H2SO4 shown in all three cases 
is due to the precipitation of NaRE(SO4)2.H2O (Reaction 6.2a-c) which has a low 
solubility compared to that of RE2(SO4)3.9H2O  precipitated in other cases (Reaction 
6.2g-h). This aspect is important for the solubility behaviours of RE(III) in sulphate 
solutions obtained after acid baking followed by the water leach of the pre-leach residue. 
However, this aspect is not applicable at the pre-leach stage with different acids except 












Figure 6.1. Saturated solubility of lanthanum(III) and cerium(III) added as perchlorate 
solution or sulphate salts at 40 oC (concentrations = 1.0 mol L-1 (H2SO4, H3PO4 and 
NaClO4) and 0.25 mol L




The solubility of Ce(III) follows the descending order: H2SO4 > H2SO4+H3PO4 > 
H2SO4+Fe(ClO4)3 > H2O > H2SO4+Al(ClO4)3 > H3PO4 > H2SO4+NaClO4 (Figure 6.1). 
This trend shows the beneficial effect of sulphate compared to phosphate as revealed by 
the precipitation of CePO4 in the solution of H3PO4. The specific effects are discussed in 
more detail in the next few sections.  




6.2.2 Effect of Phosphate 
The low solubility of Ce(III) in solutions containing H3PO4 compared to that in 
H2SO4 or H3PO4+H2SO4 in Figure 6.1 is due to the precipitation of a different solid, 
CePO4.0.5H2O, identified by XRD scans and listed in Table 6.1. The solubility product 
constant (pKsp) of CePO4 is 26.2 at 25 
oC (Liu and Byrne, 1997, Table 2.14).  Sulphuric 
acid is a strong diprotic acid  with pKa1 = -6.62 and pKa2  = 1.99 at 25 
oC (Appendix 2A), 
while H3PO4 is a weak tri-protic acid (pKa1 = 2.15 , pKa2 = 7.21 and pKa3 = 12.3 at 25 
oC; 
Mendham et al., 2007). Hence, the dissociation of H3PO4 can be very minimal in a 
H2SO4+H3PO4 mixture due to the high concentration of H
+ ions, produced by the 
dissociation of H2SO4. This leads to a very large fraction of H3PO4, existing in its 
undissociated form (H3PO4
0) in solution, avoiding the precipitation of CePO4.0.5H2O. 
Thus, the precipitated major product is Ce2(SO4)3.9H2O of higher solubility (Table 6.1) .  
In contrast, the solubility of La(III), added as La2(SO4)3 to acids and acid 
mixtures, show a descending order: H3PO4~ H3PO4+H2SO4 > H2SO4. The precipitation 
of LaPO4.0.5H2O of low solubility can be observed only in H3PO4 compared to 
La2(SO4)3.9H2O in other two cases. Although the same salts appear to be precipitated 
with La(ClO4)3, the solubility of La(III) is lower compared to  La2(SO4)3 and the 
descending order in different acids is: H2SO4+H3PO4 > H2SO4 > H3PO4. As a result, the 
precipitated solid phase in both H2SO4 and H2SO4+H3PO4 mixture is mainly composed 
of  La2(SO4)3.9H2O  as listed in Table 6.1.  
The formation of stable RE-sulphate complexes {RE(SO4)}
+ and RE-phosphate 
complexes  such as {RE(H2PO4)}
2+, {RE(HPO4)}
+ and {RE(HPO4)2}
-  are evident from 
the stability constants, described in Chapter 2 (Tables 2.10 and 2.11).  Based on these 
values, the stability constant of {La(SO4)}
+ (Log β = 3.21-3.64 at 25 oC, I = 0) is higher 




than that of {La(H2PO4)}
2+ (Log β = 2.50 at 25 oC, I = 0). Thus, the dissolution reactions 
in H3PO4 and H2SO4 solutions can be expressed by Reaction 6.2f,h. However, the 
associations of lanthanum(III) ion mainly with SO4
2- and with trace amounts of H2PO4
-, 
formed by the minor dissociation of H3PO4, facilitate  the dissolution of lanthanum(III)  
at 40 oC, leading to the concentrations in the descending order: H2SO4+H3PO4 mixture 
(8.0 x 10-2 mol L-1) > H2SO4 alone (6.4 x 10
-2 mol L-1) > H3PO4 alone (4.5 x 10
-2 mol L-
1). The Raman spectroscopic evidences for the proposed complex formation of rare earth 
metal ions with sulphate ions are discussed in Chapter 7. High temperature has a 
detrimental effect on the solubility of La(III) in H2SO4, H3PO4, and mixed H3PO4+H2SO4 
as shown by the results in Table 6.1 (solutions (iii), (iv) and (v)) and warrants further 
discussion later.  
6.2.3 Effect of Al(III), Fe(III) and Ca(II) 
The solubility of La(III) and Ce(III) in solutions of acid-salt mixtures follows the 
ascending order: NaClO4+H2SO4 << Al(ClO4)3+H2SO4 < Fe(ClO4)3+H2SO4 in Figure 
6.1, with the precipitated solid in the latter two cases is RE2(SO4)3.9H2O (Table 6.1). The 
overall ability of  aluminium(III), iron(III) and lanthanum(III) ions to associate   with 




sulphate complexes (M = Al, Fe or La), based on the stability constants discussed in 
Chapter 2 and Appendix 2A (Table 2.10 and 2A.4), follows a  desending order: Fe3+ > 
Al3+ > La3+. The Fe3+ and Al3+ ions can also undergo hydrolysis in water: M3+ + H2O = 
MOH2+ + H+ and the equilibrium constants of Fe3+ are higher than that of Al3+ (Chapter 
2). Iron(III) and aluminium(III) can strongly interact with sulphate ions to form different 
types of sulphate complexes with high stability constants due to their high charge to 
radius ratio (Haas and Franz, 2009; Raj, 2010). The concentration of freely available 
HSO4
- ions is less in the presence of iron(III) in H2SO4 due to high stability of complexes 




of iron(III) with SO4
2- and HSO4
-.  This will drive Reaction 6.2h towards its forward 
direction to enahnce the solubility of La(III).  Hence, the presence of iron(III) in H2SO4 
enhances the solubility of lanthanum(III) when lanthanum perchlorate was added as 
demonstrated by the solubility data at 40 oC in Table 6.1 and Figure 6.1. However, this 
beneficial effect cannot be observed in the presence of Al(III), alone or with Fe(III), in 
H2SO4 as well as when rare earth sulphate solids were added into these solutions at 40 
oC. This indicates the importance of the effect of hydrolysis of the cations, which will 
eventually produce HSO4
- and favor the reverse of Reaction 6.2h. These results also 
warrant further studies in future. 
The precipitation of gypsum in H2SO4+Ca(ClO4)2 solution leads to a very low 
concentration of sulphate ions which enhance the dissolution of lanthanum(III) in the 
perchlorate form, leading to a large concentration of 0.39-0.42 mol L-1 La(III) as shown 
in Table 6.1 (see (xi)). In contrast, the addition of both Fe(ClO4)3 and NaClO4 decreases 
the La(III) solubility to the lower values of 0.4 x 10-3-0.6 x 10-3 mol L-1, recorded in Table 
6.1 (see (x)), due to the precipitation of NaLa(SO4)2.H2O.  
According to ICP-AES/MS analysis, a trace amount of iron (0.41%)  is in the 
precipitated solid produced in the solution of  H2SO4+NaClO4+Fe(ClO4)3 (Chapter 5), 
suggesting a minor precipitation of natrojarosite NaFe3(SO4)2(OH)6 (Reaction 6.3) or 
entrainment of iron in the precipitaed NaLa(SO4)2.H2O. However, there is no evidence 
related to the precipitation of NaFe3(SO4)2(OH)6, based on the characterization 
techniques due to its low composition in the solid phase.  
3Fe3+ +  2SO4
2− + Na+ +  6H2O = NaFe3(SO4)2(OH)6(s) + 6H
+  
(pKsp = 5.28, 25 









6.2.4 Effect of Temperature 
Figure 6.2 shows the effect of temperature on solubility of La(III) added as 
perchlorate solution to acids or acid-salt mixed solutions. The solubility of La(III) at 40 
oC follows an ascending order: H3PO4 < H2SO4 < H2SO4+H3PO4. The increase in 
temperature has a significant detrimental effect in the case of H3PO4, although it becomes 
less in H2SO4 and H2SO4+H3PO4. The largest effect of temperature in H3PO4 is a 
composite effect of the change in pK1 of H3PO4 and pKSP of LaPO4.xH2O shown in Table 
6A.11 in Appendix 6A which affects the equilibrium in Reaction 6.2d-f. The decrease in 
solubility of La(III) at high temperatures is consistent with the increase in pKSP of  LaPO4 
(Table 6A.11; Appendix 6A).  
Information from previous studies, summarised in Chapter 2, shows that the 
increase in temperature has a detrimental effect on the solubility of La2(SO4)3.9H2O 
(0.12-0.02 mol L-1 La(III); Figure 2.9a) and NaLa(SO4).H2O (0.04-0.01 mol L
-1 La(III); 
Table 2.8) in water at temperature ranges of 0-100 oC and 18-25 oC, respectively. 
However, the solubility of La(III), precipitated as NaLa(SO4)2.H2O from NaClO4+H2SO4 
solutions, is very low and less affected by the increase of temperature from 40 oC to 80 
oC : 0.09 x 10-2 (40 oC), 0.11 x 10-2 (60 oC) and 0.10 x 10-2 (80 oC) mol L-1 (Table 6.1 and 
Figure 6.2), indicating the composite effect of change in pKsp values of double sulphate 
salts, the equilibrium constants for ion association of SO4
2- ion with H+, Na+ and RE3+ 
ions and the water activity with temperature. The La(III) concentration at saturation in 
other salt-acid mixtures which follows the ascending order of 
H2SO4+Al(ClO4)3+Fe(ClO4)3 < H2SO4+Al(ClO4)3 < H2SO4+Fe(ClO4)3 shows a large 
beneficial effect of increasing temperature from 40 oC to 80 oC (Figure 6.2). This also 
represents the composite effect of the changes in equilibrium constants with temperature 




listed in Table 6A.11 (Appendix 6A), affecting the equilibrium in Reaction 6.2g-h, which 
warrants more detailed analysis in future studies.  
 
 
Figure 6.2. Effect of temperature on saturated solubility of lanthanum(III) added as 
perchlorate solution (concentrations = 1.0 mol L-1 (H2SO4, H3PO4 and NaClO4) and 0.25 













6.3 Comparison of Lanthanum(III) and Cerium(III) Sulphate Solubility in 
Acids and Acid-Salt Mixtures 
The saturated solubilities of lanthanum(III) and cerium(III), added as La2(SO4)3 
and Ce2(SO4)3.8H2O, in different solutions at 40 
oC are shown in Figure 6.1. The general 
trend is that the solubility of cerium(III) is higher than that of lanthanum(III), except in 
phosphoric acid solution.  
Lanthanum(III) and cerium(III) added into different sulphate solutions, eventually 
precipitate as nona-hydrates (Table 6.1). The results from previous studies summarised 
in Chapter 2 show higher solubility of Ce(III) than that of La(III) in water, both in the 
form of RE2(SO4)3.9H2O (also evident in Figure 6.1), and the difference becomes smaller 
at higher temperatures (Figure 2.9a in Chapter 2). The influence of other factors for the 
comparison is examined in Figure 6.3a-b which shows the solubility correlation of La(III) 
and Ce(III), added as perchlorate or sulphate, respectively, as a function of La(III) added 
as sulphate.  
 
 








                       (c) 
 
Figure 6.3. Correlation of solubilities and stability constants: (a) La(III) added as 
perchlorate and (b) Ce(III) added as sulphate as a function of La(III) added as sulphate; 
(c) stability constants for association of Ce(III) and La(III) with anions in Table 6.2  
(Solutions; (i) H2O (literature data at 50 
oC - Figure 2.9a in Chapter 2), (iii) H2SO4, (iv) 
H3PO4, (v) H2SO4+H3PO4, (vi) H2SO4+NaClO4, (vii) H2SO4+Al(ClO4)3, (viii) 
H2SO4+Fe(ClO4)3, and (ix) H2SO4+Al(ClO4)3+Fe(ClO4)3)  
 
The lower slope of 0.80 in Figure 6.3a is expected from the lower sulphate content 
when La(III) was added as perchlorate, as noted earlier. In comparison, the higher slope 
of 1.67 in Figure 6.3b indicates higher solubility of Ce(III) compared to La(III) under the 
same set of conditions which could be a result of many factors including: (i) the difference 
in hydration numbers and pKSP values of the precipitated solids and (ii) association or 
stability constant of ion-pairs or complex species (Table 6.2). It is of interest to note that 
the higher slope of 1.67 for the correlation of solubilities of Ce(III) and La(III) in Figure 
6.3b is comparable with the slope of 1.62 for the correlation of stability constants of 
association of these ions with the anions (Figure 6.3c), from the values listed in Table 
6.2, which follow the ascending order: H2PO4
- < SO4
2- < HPO4
2-. Thus, the higher 




association constants of Ce(III), compared to that of La(III), with sulphate and protonated 
phosphate ions are responsible for the higher solubilities of Ce(III), as evident from the 
higher slope in Figure 6.3b.  
Table 6.2. Equilibrium constants for some ion associations of RE(III) 
Reaction 
Equilibrium constants (Log β) 
Reference 
RE = La RE = Ce 
RE3++SO42- = {RE(SO4)}+ 3.21 3.29 Millero (1992) 
RE3++HPO42- = {RE(HPO4)}+ 4.11 4.32 Liu and Byrne 
(1997) RE3++H2PO4- = {RE(H2PO4)}2+ 1.79 1.92 
At 25 oC and I = 0-0.1 
 
The positive deviations from the linear correlation in Figure 6.3b shown by the 
solubility in water ((i)) and H2SO4 ((iii)) are consistent with the larger value of Log β of 
{Ce(SO4)}
+ compared to that of {La(SO4)}
+ (Table 6.2). A large negative deviation from 
the linear correlations in Figure 6.3a-b shown by the solubility in solution (iv) can be 
related to the precipitation of mixed sulphate-phosphate La2(SO4)3.9H2O+LaPO4.0.5H2O 
or CePO4.H2O+Ce2(SO4)3.8H2O, noted in Table 6.1. The higher solubility of RE-salts as 
perchlorate was also tested using perchloric acid for comparison, as described in the next 
section.  
6.4 Comparison of RE(III) Solubility in Perchloric and Sulphuric Acids using 
RE-Carbonate Salts 
6.4.1 Perchloric Acid 
A preliminary investigation was conducted on the dissolution of a mixed RE-
carbonate in perchloric acid when there was no anion interference. However, the RE-
carbonate (REC-2), selected for this test, contained Na, Mg, Al, K, Ca and S (Chapter 4 
-Table 4.1). The elemental analysis of the initial solution of 1 mol L-1 HClO4 also 
indicated the presence of 0.02 g L-1 sodium and 0.01 g L-1 TREEs. The stepwise addition 




of the RE-carbonate solid (REC-2) to 1 mol L-1 HClO4 solution caused an increase of pH 
as shown in Table 6.3. The concentrations of non-RE elements and total REEs in 
solutions of pH up to 5 are listed in Table 6.3. The content of TREEs remains as high as 
76.3 g L-1 at pH 3.24. The relatively high concentration of sodium ions (0.84 g L-1 or 
0.036 mol L-1) and the very low concentration of sulphate ions in the absence of added 
sulphate ions (0.12 g L-1 S or 3.75 x 10-3 mol L-1 SO4
2-) at this pH were due to the 
dissolution of the sulphate impurity from solid carbonate. 




Concentration (g L-1) 
TREEs Na Mg Al Ca S 
0   0.01 0.02 - - - - 
1 -0.56 No 36.3 0.38 0.28 0.21 0.62 0.06 
2 0 No 71.7 0.74 0.53 0.41 1.28 0.15 
3 1.22 No 78.9 0.79 0.57 0.43 1.37 0.15 
4 3.24 Yes 76.3 0.84 0.55 0.45 1.44 0.12 
5 5.00 Yes 72.1 2.84 0.71 0.37 1.35 0.11 
n = No: of additions of 1 g of REC-2 to 100 mL of 1 mol L-1 HClO4 at temperature = 40 oC; 
General assay of major REEs and non-REEs in REC-2 (% w/w); 9.20% (La), 21.9% (Ce), 2.49% (Pr), 9.59% (Nd), 
1.26% (Sm), 0.50% (Na), 0.27% (Mg), 0.22% (Al) and 0.79% (Ca) 
 
The precipitation of a salt was observed in the presence of both sodium and 
sulphate ions in the solution at pH 3.24, but the quantity of the precipitated solid was 
insufficient for further characterisation.  However, the decrease in the concentration of 
both TREEs and sulphur after the third addition as shown in Table 6.3 suggests the 
precipitation of RE2(SO4)3, which encouraged further investigation into the solubility of 
REEs added as carbonate solids to sulphuric acid solutions described in the next section. 
 
 




6.4.2 Sulphuric Acid 
The solids of mixed RE-carbonates (REC-1 and REC-2) were added into 
sulphuric acid solutions of different concentrations, maintained at the three different 
temperatures 40, 60 and 80 oC. Separate experiments were carried out by checking the 
dissolution of REEs after adding a solution of La(ClO4)3, solid La2(SO4)3 or solid 
Ce2(SO4)3.8H2O to 1 mol L
-1 H2SO4 to compare the dissolution of La(III) and Ce(III) 
from individual salts with that from the carbonate mixtures. The concentrations of 
individual REEs (La, Ce, Nd and Pr) and groups of REEs, representing light (LREEs), 
medium (MREEs), heavy (HREEs) and total (TREEs) rare earth elements at saturation 
are listed in Table 6.4.  
The variation of the concentrations of TREEs and individual REEs of the 
carbonates REC-1 and REC-2 with the initial sulphuric acid concentration and 
temperature is illustrated in Figure 6.4a-d. The solids precipitated in the experiments, 
condcuted by adding  mixed RE-carbonate to sulphuric acid solutions, were not 
characterised. However, the shape of the curves i.e. the increase in solubility of La(III) as 
La2(SO4)3.9H2O up to 1 mol L
-1 H2SO4 followed by a decrease at higher acid 
concentration, is consistent with the data reported by Linke (1965) presented in Chapter 
2 (Figure 2.12), indicating that the hydrated sulphate salts of RE(III) in RE-carbonates 
are precipitated from these solutions at saturation.   
  












[REEs] (g L-1) 
TREEs LREEs MREEs HREEs La Ce Pr Nd 
REC-1 40 
0.10 7.16 6.62 0.34 0.20 1.47 3.43 0.35 1.37 
0.36 26.1 24 1.34 0.85 5.28 12.2 1.33 5.17 
0.56 41.1 37.6 2.12 1.38 8.5 19 2.08 8 
0.75 44.5 40.6 2.34 1.63 9.33 20.5 2.22 8.56 
1.00 49.5 45.2 2.59 1.74 10.1 22.8 2.51 9.75 
1.25 37.2 34.3 1.82 1.09 7.64 17.7 1.85 7.12 
1.50 26.7 24.6 1.34 0.80 5.32 12.5 1.38 5.33 
1.75 22.3 20.6 1.08 0.62 4.55 10.7 1.11 4.23 
2.00 23.8 21.9 1.17 0.67 4.82 11.4 1.19 4.55 
REC-2 
60 
0.10 9.05 8.3 0.49 0.28 1.8 4.22 0.47 1.81 
0.36 24 22 1.21 0.79 4.8 11.2 1.22 4.75 
0.56 30.4 27.6 1.78 0.97 5.89 14 1.57 6.22 
0.75 31.3 28.4 1.86 1.07 5.99 14.3 1.63 6.45 
1.00 32.4 29.6 1.83 1.01 6.3 15 1.69 6.54 
1.25 25.5 23.2 1.43 0.81 4.97 11.8 1.33 5.14 
1.50 20 18.3 1.13 0.62 3.91 9.28 1.04 4.03 
1.75 13.2 12.1 0.74 0.38 2.58 6.15 0.69 2.66 
2.00 13.4 12.3 0.76 0.40 2.62 6.25 0.7 2.71 
80 
0.10 7.34 6.59 0.46 0.29 1.43 3.26 0.37 1.53 
0.36 11.5 10.1 0.71 0.7 2.28 4.87 0.55 2.4 
0.56 14.6 13 0.94 0.64 2.75 6.44 0.75 3.07 
0.75 20.1 18.2 1.19 0.68 3.87 9.17 1.04 4.11 
1.00 19.4 17.7 1.08 0.58 3.81 9.02 1 3.89 
1.25 15.2 13.9 0.85 0.45 2.97 7.08 0.79 3.04 
1.50 12.4 11.3 0.7 0.38 2.41 5.77 0.64 2.5 
1.75 12.3 11.3 0.69 0.37 2.41 5.75 0.64 2.48 
2.00 11.2 10.2 0.63 0.34 2.16 5.18 0.58 2.25 
La(ClO4)3 40 1.00 
    8.87    
La2(SO4)3 40 1.00 
    13.6    
Ce2(SO4)3.8H2O 40 1.00 
     29.0   
LREEs = sum of La, Ce, Pr and Nd, MREEs = sum of Sm, Eu and Gd, HREEs = sum of Y and rest of lanthanides, 




















Figure 6.4. Effect of sulphuric acid concentration and temperature on solubility of TREEs 
and individual REEs from REC-1 at 40 oC (a and c) and REC-2 at 60 oC and 80 oC (b and 
d) and comparison with La(ClO4)3, La2(SO4)3 and Ce2(SO4)3.8H2O as initial REE sources 
at 40 oC (e) (literature data from Figure 2.12 in Chapter 2) 
 
  




The main features of Table 6.4 and Figure 6.4 listed below are also similar to what 
has been presented and discussed in Chapter 2.  
(i) The solubilities of TREEs or individual REEs (lanthanum, cerium, 
praseodymium or neodymium) show a maximum solubility in solutions of 
the concentration range of 0.5-1.0 mol L-1.  
(ii) The solubility decreases with further increase in acid concentration beyond 
1.0 mol L-1.   
(iii) Despite the different elemental compositions of REC-1 and REC-2 
described in Chapter 4 (Table 4.1), the two carbonates show similar 
solubility patterns of REEs (Figure 6.4c-d) and TREEs (Figure 6.4a-b).  
(iv) The solubility is lower at higher temperatures (Figure 6.4b,d).   
(v) The solubility of lanthanum(III) added as solid La2(SO4)3 to 1 mol L-1 
H2SO4 at 40 
oC is slightly higher, compared to that measured after adding 
lanthanum perchlorate or REC-1 solid, due to the lower total sulphate 
content with the use of lanthanum(III) perchlorate solution.  
(vi) Likewise, the solubility of cerium(III) in 1 mol L-1 H2SO4, saturated using 
Ce2(SO4)3.8H2O, is slightly higher and similar to literature data compared 
to that in 1 mol L-1 H2SO4 saturated using REEs from REC-1 solid, as shown 
in Figure 6.4e. 
These results indicate that the type of the initial REE source does not significantly 
affect the saturated solubility results of lanthanum(III) or cerium(III), except for the 
reasons mentioned above and in previous section. 
 




6.5 RE(III) Solubility in Typical Process Liquors at Different Temperatures 
The typical process liquors relevant to rare earth processing flowsheets contain a 
range of cations and anions produced by acid-salt mixtures and host minerals which can 
affect the solubility of REEs.  The initial pH and composition of metal ions in potential 
process liquors described earlier along with the saturated solubility of REEs are listed in 
Table 6.5. The addition of REEs in different forms such as perchlorate solutions, oxide 
or carbonate for the solubility studies at the three different temperatures 40, 60 and 80 oC 
offers information on the effect of anions and cations at different temperatures. The 
addition of oxide or carbonate solids increases the pH of the solutions. The pH values in 
some solutions at saturation are given in Table 6.7. The detailed compositions including 
sulphur and sodium concentrations which affect the precipitation of REEs as sulphates or 
sodium double sulphates in the saturated solutions obtained by adding carbonate solids 
are shown in Appendix 6A. The stepwise addition of the carbonate solid was used to 
change the pH of the solution, which also provided the effect of pH on saturated solubility 
of REEs, as described below.  





Initial compositions (g L-1) 
Na Mg Al P S K Ca Fe(III) H2SO4 H3PO4 HClO4 
(xii) 0.93 0.32 2.98 12.3 16.4 46.1 0.17 0.40 14.6 55.0 50.0  
(xiii) 0.43 0.04 2.99 11.9 12.5 47.5 0.14 0.44 14.1 55.0 50.0  
(xvii)  0.30 23.4 12.3 3.99 50.6 0.08 0.33 2.24  12.4 121 
(xviii) -0.59 0.02 27.1 12.1 3.46 56.4 0.16 0.12 2.15  10.9 121 
(xx)  0.26 33.5 <0.01 <0.01 45.7 0.08 0.38 <0.01   121 




Concentration of lanthanum(III) at saturation   
(10-2 mol L-1) 
40 oC 60 oC 80 oC 
(xii) 2.92 3.02 2.96 
(xiii) 3.09 3.10 3.16 
(xvii) 9.53 4.28 4.85 
(xviii) 4.87 5.05 5.42 
(xx) 5.24 4.81 4.21 
(xxi) 5.49 5.48 5.55 
Test solutions; (xii) = A, (xiii) = A without added sodium, (xvii) = B(I), (xviii) = B(I) without added sodium, (xx) = 
C(I) and (xxi) = C(I) without added sodium; * measured initial pH at 25 oC  
 




6.5.1 Solubility of Lanthanum(III) added as Perchlorate or Oxide 
More details of the test solutions, initial RE-source (perchlorate solution or solid 
oxide) added for saturation at the three temperatures 40, 60 and 80 oC as well as the 
precipitated solids and the concentrations of REEs are listed in Table 6.6.  Despite the 
addition of lanthanum(III) as the perchlorate solution or solid oxide, the precipitated 
major solid in the form of La2(SO4)3.9H2O generally has a higher solubility, compared to 
the double salt NaLa(SO4)2.H2O,  precipitated as a minor component in some cases, as 
noted in Table 6.6. Thus, the solubilities of lanthanum(III) in solutions A, B(I) and C(I) 
are slightly lower compared to those in corresponding solutions without added sodium at 
any temperature except in solution B(I) at 40 oC.  
The effect of pH and concentrations of iron(III), phosphate and magnesium in 
initial solutions on the solubility of La(III) is shown in Figure 6.5a-d. The general trend, 
observed from the results listed in Table 6.5-6.6 and depicted in Figure 6.5a-d is that 
higher pH, higher concentrations of iron(III) or phosphate or lower concentrations of 
magnesium in initial solutions give rise to lower concentration of La(III) in the saturated 
solution at 40 oC. The highest solubility of La(III) in perchlorate solution (xvii) in Figure 
6.5d appears to be an outlier indicating the absence of the detrimental anions such as 
phosphate and sulphate, leading to a high solubility as perchlorate. The three solutions 
(xviii), (xx) and (xxi) have higher concentrations of magnesium (> 1 mol L-1) as well as 
strong acids and very low pH (Table 6.5) which is the actual reason for higher La(III) 
dissolution, as shown in Figure 6.5a. A higher solubility of La(III) in strongly acidic 
solutions at low pH is consistent with (i) the precipitation of La2(SO4)3.9H2O of higher 
solubility as the major salt and (ii) the absence of the detrimental effect of phosphate due 
to protonation to H3PO4, as described in previous section. 










at 25 oC 
Feed 
material 
Precipitated solids*  
Concentration of 
lanthanum(III)  
(10-2 mol L-1) 
40 oC 60 oC 80 oC 
(xii) A (contained sodium) 0.93 La(ClO4)3 
La2(SO4)3.9H2O (major) 
NaLa(SO4)2. H2O (minor) 
2.92 3.02 2.96 
(xiii) A (without added sodium) 0.43 La(ClO4)3 La2(SO4)3.9H2O 3.09 3.10 3.16 
(xvii) 
B(I) (B with 1.2 mol L-1 
HClO4 added)  
- La2O3 
La2(SO4)3.9H2O (major) 
NaLa(SO4)2. H2O (minor) 
9.53 4.28 4.85 
(xviii) 
B(I) (without added 
sodium) 
-0.59 La2O3 La2(SO4)3.9H2O 4.87 5.05 5.42 
(xx) 





NaLa(SO4)2. H2O (minor) 
5.24 4.81 4.21 
(xxi) 
C(I) (without added 
sodium) 
-0.93 
La2O3 La2(SO4)3.9H2O 5.49 5.48 5.55 










Figure 6.5. Variation of concentration of La(III) in saturated solutions at 40 oC with (a) 
pH and concentrations of (b) Fe(III), (c) P and (d) Mg in initial solutions  
(solutions (xii) = A, (xiii) = A without added sodium, (xvii) = B(I), (xviii) = B(I) without 
added sodium, (xx) = C(I) and (xxi) = C(I) without added sodium); square symbol in 
Figure 6.5d (solution (xvii) - reffered as B(I) or B with 1.2 mol L-1 HClO4 added; Table 
6.6) is an outlier from general trend 
 




6.5.2 Solubility of RE(III) added as Carbonates 
a) General Trends 
The precipitated solids due to the addition of carbonates were characterized only 
in limited number of cases, which are summarized in Table 6.7. The measured pH values 
and the assays of saturated liquors are listed in Tables 6.7 and Appendix 6A (Table 6A.1- 
6A.9). The characterized solids, general solubility trends and various factors, which affect 
the saturated solubilities of REEs, are described below. 
Table 6.7 shows that the precipitated salt is NaRE(SO4)2.H2O in solution (xii), 
(xvi) and (xix). Moreover, the concentrations of RE(III) are higher in solution (xii) 
compared to those in solution (xvi) at each temperature because of the lower pH in 
solution (xii) compared to that of solution (xvi). It seems that the high temperature is 
beneficial for the solubility of precipitated solid, NaRE(SO4)2.H2O in solutions (xii) and 
(xvi) as expected from the lower pKSP values at higher temperatures described in Chapter 
2.  
In contrast, the precipitated salt is RE2(SO4)3.xH2O in solution (xiv) and (xv). 
Thus, the highest and the lowest concentrations of RE(III) in the two solutions (xiv) and 
(xv), saturated using REC-2 solid which precipitated RE2(SO4)3.xH2O, were measured at 
40 oC and 80 oC, respectively. Moreover, the concentrations of RE(III) in solution (xv) 
are higher than those in solution (xiv) at 40 oC and 60 oC but this trend is reversed at 80 
oC (Table 6.7). These trends are further investigated in the next section. 
 
 




Table 6.7. Precipitated solids and saturated concentration of RE(III) in process liquors, 















Concentration of RE(III)  
(10-2 mol L-1) 
La Ce Pr Nd 
(xii) A 
0.93 40 NaRE(SO4)2.H2O 1.24 1.56 3.56 0.40 1.63 
0.93 60 NaRE(SO4)2.H2O - 1.63 3.78 0.42 1.71 





0.04 40 RE2(SO4)3.xH2O -0.24 3.87 8.42 0.96 3.80 
0.04 60 RE2(SO4)3.xH2O -0.16 3.56 7.91 0.89 3.62 





0.54 40 RE2(SO4)3.xH2O 0.04 4.41 9.92 1.14 4.48 
0.54 60 RE2(SO4)3.xH2O 0.14 3.66 8.24 0.94 3.80 
0.54 80 RE2(SO4)3.xH2O 0.36 1.84 4.14 0.52 2.35 
(xvi) B 
2.30 40 NaRE(SO4)2.H2O 3.65 0.019 0.033 0.004 0.023 
2.30 60 NaRE(SO4)2.H2O - 0.087 0.161 0.022 0.116 
2.30 80 NaRE(SO4)2.H2O - 0.110 0.200 0.023 0.103 
(xix) C 4.91 40 NaRE(SO4)2.H2O 6.05 0.026 0.035 0.003 0.014 
Sodium contents in initial solutions and RE-carbonate solids; 0.32 g L-1(A), 0.07 g L-1 (pre-loaded A(I)), 0.08 g L-1 
(pre-loaded A(II)), 0.30 g L-1 (B), 0.26 g L-1 (C) and 0.50% w/w (REC-1 or REC-2). a. based on XRD analysis; *. 
measured at indicated temperatures in the column; Solids used for saturation = REC-1 (solution A, B and C) and REC-
2 (pre-loaded A(I) and A(II)); (x = 9 for RE = La; x = 8 for Ce, Pr & Nd)  
 
b) Solubility of La(III) 
Figure 6.6a compares the solubility of lanthanum(III) based on the concentrations 
of lanthanum(III) in the four different types of solutions i.e., A without added sodium 
saturated using La(ClO4)3 or REC-2, pre-loaded A(I) and A(II) saturated using REC-2 at 
different temperatures. The main points of interest in Figure 6.6a are: 
(i) The lanthanum(III) solubility in Figure 6.6a follows a descending order at 
40 oC and 60 oC: pre-loaded A(II) > pre-loaded A(I) > A without added 
sodium, saturated using La(ClO4)3 > A without added sodium, saturated 
using REC-2 indicating the detrimental effect of sodium. 
(ii) The concentrations of lanthanum(III) in solution A without added sodium, 
saturated using La(ClO4)3, are independent of temperature, while those in 




other solutions show a considerable decrease at high temperature, especially 
at 80 oC (Figure 6.6a). 
c) Solubility of TREEs 
The solubility of TREEs in Figure 6.6b shows more information, indicating that 
the solubility of TREEs as the double salt NaRE(SO4)2 is lower, especially at higher initial 
pH of 2.3 compared to that at pH 0.93. However, at 40 oC, the solubility of TREEs as the 
double salt is the same at an initial pH of 2.3 and 4.9 (also see Figure 6.6c with logarithmic 
y-axis).  
In contrast, the solubility of TREEs as the single salt RE2(SO4)3, shown in Figure 
6.6b-c, is much higher than other cases, but decreases with increasing temperature.  
Moreover, at 80 oC the solubility of TREEs appears to be around 0.09 mol L-1, if the 
initial pH is <1. 
 
 




(a) Solubility of La(III) precipitated as RE2(SO4)3.xH2O 
 
(b) Solubility of TREEs precipitated as SS: RE2(SO4)3.xH2O or DS: 
NaRE(SO4)2.H2O 
 
(c) Same as (b) in logarithmic y-scale 
 
Figure 6.6. Effect of temperature on concentration of (a) lanthanum(III) or (b,c) TREEs: 
(a) La(III) in solutions A without added sodium (saturated using La(ClO4)3 or REC-2), 
pre-loaded A(I) and A(II)  (saturated using REC-2); (b) TREEs in solutions A and its 
derivatives, B and C; (c) same as (b) with y-axis in logarithmic scale (caption in (b) and 
(c) also show nature of solid precipitated, single salt (SS) or double salt (DS) and initial 
pH, from Table 6.7)  
 
 




In Figure 6.7a-b, the increase in temperature shows a small beneficial or negligible 
effect on the concentrations of lanthanum(III) in solutions B(I) and C(I) without added 
sodium, saturated using La2O3. Although the solubility results in saturated solutions of 
B(I) without added sodium, using La2O3 and REC-2, are comparable at 40 
oC and 60 oC 
(Figure 6.7a), those in saturated solutions of C(I) without added sodium using same REE 
sources are significantly different at any temperature (Figure 6.7b). The effect of 
temperature on the solubility of TREEs, plotted in Figure 6.7c, shows large concentration 
difference of TREEs. This difference can be related to the relatively large concentration 
of aluminium and phosphorous in solution (xviii): 12.1 g/L (Al) and 3.5 g/L(P) compared 







Figure 6.7. Effect of temperature on concentration of lanthanum(III) in solutions (a) 
B(I) without added sodium and (b) C(I) without added sodium, saturated using La2O3 or 
REC-2; (c) TREEs in above solutions 
 




The comparison of the concentrations of TREEs in solution A-C and their 










Figure 6.8. Effect of temperature on concentrations of TREEs in solutions (a) A and its 
derivatives, (b) pre-loaded A(II) and 0.56 mol L-1 H2SO4, (c) B and B(I) without added 
sodium and (d) C and C(I) without added sodium, saturated using RE-carbonate solids  
(0.56 mol L-1 = sulphuric acid concentration in initial compositions of solution A) 
 
The general features of Figure 6.8 are listed below:  
(i) The beneficial effect of low sodium content on the saturated solubility of 
REEs in solution A is evident from this figure.  
(ii) However, the addition of RE-carbonate solids by maintaining the pH 
values in solution A at a very low level, using perchloric acid (pre-loaded 
A(I) and A(II) solutions), leads to much higher solubilities due to the high 
acidity and low sulphate content (Figure 6.8a).  
(iii) The sulphuric acid concentration in the initial solution A is 0.56 mol L-1 
(55 g L-1; Table 5.2). Comparison of the concentrations of TREEs in a 




saturated solution of 0.56 mol L-1 H2SO4 and a saturated solution of pre-
loaded A(II) shows that the concentration of TREEs in H2SO4 solution is 
high compared to those in pre-loaded A(II) solution at 40 oC.  However, 
this gap has gradually decreased at high temperatures, showing almost 
similar concentrations of TREEs in both solutions at 80 oC (Figure 6.8b). 
The temperature dependence of solubility constants of the precipitated 
solid and positive/negative impacts of the available background ions on 
the solubility of REEs in pre-loaded A(II) can cause this behavior, as 
described later. 
(iv) Figure 6.8c illustrates that the concentrations of TREEs in saturated 
solution of B is extremely low compared to those in saturated solution of 
B(I) without added sodium at any temperature. In contrast, the 
concentration of TREEs in saturated solution of C is higher than that in 
saturated solution of C(I) without added sodium at 60 oC and 80 oC (Figure 
6.8d).  
(v) The addition of RE-carbonate solids to solution B in which the initial pH 
is adjusted to ~ 2.3 with 10 mol L-1 NaOH (Chapter 3) causes a low 
solubility of TREEs due to the precipitation of NaRE(SO4)2.H2O. 
However, the addition of RE-carbonate solids to solution B(I) without 
added sodium for solubility measurements, as well as pH adjustment to ~ 
2.3 gave much higher solubility (Figure 6.8c). 
(vi) Likewise, the addition of RE-carbonate solids to solution C, in which the 
initial pH was adjusted to 5.0 at 40 oC using NaOH solution, shows the 
same detrimental effect on the solubility of TREEs (Figure 6.8d). 
However, further addition of rare earth carbonate solids with zero addition 




of NaOH leads to higher concentrations of TREEs in solution C compared 
to those in solution C(I) without added sodium at 60 oC and 80 oC. 
6.6 Effect of Background Cations and Anions on Solubility of RE(III) 
6.6.1 Detrimental Effect of Sodium Ions 
Figure 6.9a shows the variation of the concentrations of sodium, calcium and 
iron(III) as a function of the concentration of TREEs in the test solutions A, B and C 
based on the solubility results, listed in the Appendix (Appendix 6A; Table 6A.1). 
Although it is difficult to make a proper comparison using this figure due to the different 
temperatures, pH, and metal and non-metal ion compositions in these three solutions, it 
shows that the concentrations of TREEs are low in solutions which contain high 
concentrations of sodium ions. Likewise, it can be noticed from Figure 6.9b that the 
concentrations of TREEs are high in solution A and its derivatives, saturated using REC-
2 solid when the sodium ion concentrations are low. However, the concentrations of all 
the other background cations and anions remained relatively unchanged or slightly varied 
at high concentration of TREEs in these saturated solutions. The beneficial effect of high 
concentrations of some ions on the solubility of TREEs in Figure 6.9a,b may be related 
to other interactions between REEs, sulphate and phosphate ions, discussed earlier. 
The detrimental effect of the sodium ions on the solubility of TREEs can also be 
seen in Figure 6.10a. According to Equation 6.4 or 6.5, the equilibrium constant for the 
precipitation of double salt, NaLa(SO4)2.H2O at 25 
oC is 106.80 or  102.18, respectively 
(Roine, 2012), depending upon whether the formation of sulphate complexes is ignored 
or not. A plot of log [La3+] as a function of log [Na+] should obey a linear relationship of 
slope -1 based on Equation 6.6 and 6.7 with pKSP values of 6.80 or 2.18, represented by 
the y-intercept, depending on the equilibrium reaction, given by Equation 6.4 or 6.5, 




respectively. In contrast, the pKSP values reported for Equation 6.2a (or b) is 5.7 (Lokshin 
et al., 2005). A slope close to -1 can be obtained from a log-log plot of concentration of 
lanthanum(III) ion and sodium ion (Figure 6.11) for the measured data in Table 6.8, 
despite the different temperature range of 25-40 oC. The value of pKSP = 3.89 from the y-
intercept is in the expected range in Equations 6.4 and 6.5, indicating the involvement of 
ion-associates such as {Na(SO4)}
- and {La(SO4)}
+ in the dissolution or precipitation 





Figure 6.9. Effect of background ions on solubility of TREEs in solutions of (a) A, B 
and C and (b) all types of A  





Figure 6.10. Effect of (a) sodium and (b) potassium ions on solubility of TREEs in 
solution of A and its derivatives (data from Appendix 6A) 
 
 




Na+ + La3+ +  2SO4
2− +  H2O =  NaLa(SO4)2. H2O  (log K = pKsp = 6.80) (6.4) 
NaSO4
− + LaSO4
+ + H2O =  NaLa(SO4)2. H2O    (log K = pKsp = 2.18) (6.5) 
log  [La3+] =  −log  [Na+] − 2log  [SO4
2−] −  pKsp  (pKsp = 6.80) (6.6) 
log [LaSO4
+] =  −log  [NaSO4
−] −  pKsp  (pKsp = 2.18) (6.7) 
 
Table 6.8. Effect of sodium ion concentration on solubility of lanthanum(III) 
Solution T (oC) Na (g L
-1) La(III) (g L-1) S (g L
-1) 
a 25 0.44 0.972 - 
a 25 0.61 0.417 - 
A 40 0.08 2.166 47.9 
C 40 12.4 0.036 42.8 
B 40 10.7 0.026 49.2 
a. Data from Linke (1965) for H2SO4 at 25 oC, equivalent to that in solution A; data for solution A, B and C from 














6.6.2 Detrimental Effect of Potassium Ions 
The reported pKSP values of MRE(SO4)2.H2O for sodium salts (M = Na; pKSP = 
6.8 at 20 oC) is higher than the values for potassium salts (M=K; pKSP = 5.8 at 20 
oC) 
(Table 2.13; Chapter 2), indicating the lower solubility of sodium double sulphate salts 
compared to the potassium analogue. Nevertheless, the precipitation of KRE(SO4)2.H2O 
may cause a lower solubility of TREEs. 
The effect of potassium ions is not predominant in solutions A, B, C due to low 
concentration of potassium (K+ < 0.002 g L-1) compared to that in other solutions, namely 
solutions A without added sodium, pre-loaded A(I) and A(II), B(I) and C(I) (K+ = 0.11-
0.16 g L-1). An increase of the concentrations of TREEs in pre-loaded A(I) and A(II) 
solutions by stepwise addition of REC-2 solid causes a decrease in the concentrations of 
potassium ion in the solutions. This indicates the precipitation of potassium containing 
RE double sulphates (Figure. 6.10b). 
6.6.3 Beneficial Effect of Phosphate and Calcium Ions 
The concentrations of aluminum and iron(III) ions remain constant with the 
increase in concentrations of TREEs in all types of saturated solutions A (Figure 6.9b), 
suggesting zero or negligible precipitations of solids containing these ions and RE(III) 
ions. The interference of ion associations of aluminium and iron(III) ions with sulphate 
ions on the solubility of RE(III)-sulphates salts has been discussed earlier, in Section 
6.2.3. The logarithmic plots for the variation of the concentrations of TREEs as a function 
of calcium or phosphorous concentration (as phosphate) in solutions A, B and C saturated 
using mixed RE-carbonate solids are shown in Figure 6.12a-b. Despite the poor linear 
correlation (R2 = 0.80-0.84) of the data points in both figures, the solubility of REEs 
appears to increase with the increase in phosphate or calcium content in the liquor.  








Figure 6.12. Effect of concentration of (a) calcium and (b) phosphorous on concentration 
of TREEs in solutions A, B and C, saturated using mixed RE-carbonate solids 
 
The formation of RE-phosphate aqueous complexes, discussed earlier (Table 6.2, 
Figure 6.3) is beneficial for the solubility of REEs in a phosphate medium.  In contrast, 
the precipitations of REPO4 due to low solubility has a detrimental effect on solubility in 
solutions of high pH, as discussed earlier. However, the negative impact of these 
precipitations on the solubility of REEs are not reflected in Figure 6.12b which supports 
the beneficial effect due to complexation between RE(III) and phosphate ions.  
The effect of calcium ions on the solubility of REEs can be described by the 
decrease in free sulphate ion concentration caused by the precipitation of gypsum or ion 
associations between calcium ions and sulphate ions, forming {Ca(SO4)}
0 (log β = 2.23 
at 25 oC; Högfeldt, 1982). The precipitation of gypsum can also decrease the solubility 
of REEs due to entrainment of RE(III) ions in gypsum precipitate as discussed in Chapter 
2. According to Reaction 6.2g (forward reaction), the solubility of RE(III)-sulphate solids 
can be increased with the increase in calcium ion concentration (Figure 6.12a) due to the 
formation of {Ca(SO4)}
0 which can lower the free sulphate in solution. 




6.6.4 Effect of Temperature and pH 
A negative impact of the high temperature on the solubility of RE2(SO4)3.xH2O 
and REPO4 and a slight positive impact of the high temperature on the solubility of 
NaRE(SO4)2.H2O have been discussed in Chapter 2. However, the high temperatures 
show positive, negative or negligible effects on the concentrations of TREEs in solutions 
of A, B, C and their derivatives, saturated using mixed RE-carbonate solids (Figure 6.6, 
6.7 and 6.8) due to the precipitation of mixed solids mentioned above, as well as the 
temperature dependence of the effect of other background cations and anions on the 
solubility of RE(III) ions, described above.   
Figure 6.13a,c,e show the plots of logarithm of concentrations of sodium, 
magnesium, calcium, aluminium, iron, phosphorous and sulphur as a function of pH in 















(a) Pre-loaded A(I) and A(II) 
 
(b) Pre-loaded A(I) and A(II) 
 
(c) B(I) without added sodium 
 
(d) B(I) without added sodium 
 
(e) C(I) without added sodium 
 
(f) C(I) without added sodium 
 
Figure 6.13. Effect of pH at equilibrium on concentrations of background ions and TREEs 
in derivatives of solutions A, B and C; (a-b) pre-loaded A(I) and A(II), (c-d) B(I) without 
added sodium and (e-f) C(I) without added sodium (data from Table 6A.4, 6A.5, 6A.7 








The variations of logarithm of concentrations of TREEs with pH in these solutions 
are shown in Figure 6.13b,d,f. However, the analytical errors in measuring pH in acidic 
solutions may cause relatively large fluctuations at low concentrations. The accuracy of 
pH measurements in strong acidic solutions (pH < 0) using the glass electrode is also 
questionable (Senanayake, 2007). Nevertheless, a linear relationship of logarithm of 
concentrations of TREEs and pH of slope close to 1 in highly acidic solutions of  pre-
loaded A(I) according to Figure 6.13b, suggests a clear dependance of solubility of REEs 
on the concentration of H+ ions. This linear relationship is also evident in solutions B(I) 
and C(I) without added sodium at low pH values (Figure 6.13d and 6.13f). Some other 
important points to note are listed below: 
(i) When pH of solution B(I) without added sodium was increased up to 2.3 
using REC-2 solid, the concentration of aluminium, sulphur, phosphate 
and iron(III) were decreaesed remarkabley, while the concentration of 
potassium was less drametic (Table 6A.7; Appendix 6A).  Thus, along 
with RE2(SO4)3.xH2O as the major precipitate, the co-precipitation of 
aluminium and/or iron(III) phosphate and RE double sulphate salt 
containing potassium can be suggested.   
(ii) Likewise, the addition of REC-2 solid to increase the pH value from -0.50 
to 0.00 in solution C(I), without added sodium, caused a decrease in 
sulphur content from 34.4 g L-1 to 18.8 g L-1, suggesting a major 
precipitation stage of RE2(SO4)3.xH2O from the large amount of added 
REEs as carbonate solid (Table 6A.8; Appendix 6A).  
(iii) A small amount of 10 mol L-1 NaOH was added to increase the pH above 
3.30 in solution C(I) without added sodium and this caused a decrease in 
sulphate and TREEs without increasing the sodium ion concentration 




significantly due to precipitation of RE double sulphate salt, containing 
sodium.  
Figure 6.14 plots the concentration of Ce(III), Nd(III) and Pr(III) as a function of 
the concentration of La(III). There is a good linear correlation generally expected from 
the similar properties of RE(III) cations. The different slopes represent different 
equilibrium  constants for complex formation. Figure 6.15a-d compare the effect of pH 
at satuartion on the solubility of RE(III) measured by adding REC-2 to different solutions 
described in Table 6.7. The general trend is that the increase in pH decraeses the solubility 
of all four RE(III) ions with a general descending order: Ce(III) > Nd(III) > La(III) > 
Pr(III). The lower solubilities of RE(III) in solutions of pH > 1 in Figure 6.15a-d 
correspond to the precipitation of the double salt NaRE(SO4)2.H2O. The higher 
solubilities at lower saturation pH (pH < 1) are associated with the precipitation of 
RE2(SO4)3.xH2O.  Thus, it is clear that the solubility of RE(III) salts are largey dependent 
on the nature of RE(III), acidity, temperature, nature of the solid precipitated and the 
complex ions, and ion-associates formed in the solution. This in turn is governed by the 
relevant equilibrium constants and the presence of anions such as phosphate, sulphate and 
cations such as sodium and potassium. Other cations such as calcium, iron(III)  and 
aluminium can also influence the anion composition and the solubility. 
  





Figure 6.14. Linear correlations of solubility data of RE(III) measuered in different 










Figure 6.15. Effect of saturation pH on solubility of RE(III)-precipitates; RE(III) = (a) 
Ce(III), (b) Nd(III), (c) La(III) and (d) Pr(III) as RE2(SO4)3.xH2O (at pH <1 in solutions 
xiv and xv) and NaRE(SO4)2.H2O (at pH >1 in solutions xii, xvi and xix) at different 
temperatures (data from Table 6.7)   
 




6.7 Summary and Conclusion 
The findings of the use of lanthanum(III) perchlorate/oxide as the initial REE source for 
solubility studies can be summarized as follows: 
➢ The precipitation of NaLa(SO4)2.H2O in the presence of sodium shows a very high 
detrimental effect on the solubility of lanthanum(III) in H2SO4+NaClO4 solutions 
in comparison to H2SO4 solutions at 40 
oC. 
➢ The presence of aluminium (only at high temperature) and iron(III) is beneficial 
causing a higher solubility of lanthanum(III) in H2SO4 solutions due to strong ion 
associations of these two cations with sulphate/bisulphate ions, driving the 
dissolution reaction of RE2(SO4)3.xH2O  in the forward direction.  
➢ In contrast, high temperatures show a negative impact on the solubility of 
lanthanum(III) in H2SO4, H3PO4 and H2SO4+H3PO4 due to the decrease in the 
solubilities of RE(III) sulphates and RE(III) phosphates at high temperatures as 
discussed in Chapter 2. 
➢ The precipitation of gypsum (CaSO4.2H2O) is favoured compared to that of 
La2(SO4)3.9H2O from a H2SO4 solution, containing both calcium and La(III) ions.  
➢ The presence of H3PO4 in H2SO4 also facilitate the dissolution of lanthanum(III) 
due to the formation of complex species between lanthanum(III) and phosphate 
ions. 
➢ All the factors mentioned above can affect the solubility of lanthanum(III) in 
solutions A, B and C since they contain varying concentrations of H2SO4, H3PO4 
and cations such as sodium, aluminium, iron(III) and calcium in the initial test 
liquors. The negative impact of sodium is highlighted in these solutions, while the 
effect of temperature is not consistent.  




Some findings of the solubility studies using lanthanum(III) sulphate and cerium(III) 
sulphate solids can also be summarized as follows: 
➢ The presence of aluminium and/or iron(III) sulphates in H2SO4 shows a 
detrimental effect on the solubility of RE-solids, unlike in the case of La(ClO4)3, 
highlighting the predominant effect of hydrolysis which favours the reverse of the 
formation of HSO4
- ions, which in turn favours the precipitation of 
RE2(SO4)3.xH2O. However, the negative impact of sodium is common and larger 
in all the cases due to the low solubility of NaRE(SO4)2.H2O.  
➢ Although La2(SO4)3.9H2O solid is formed with the use of La(ClO4)3 solution or 
the anhydrous La2(SO4)3 solid as the initial REE sources in some of the solutions, 
the concentrations of lanthanum(III) in solutions, saturated using La2(SO4)3, is 
higher due to high sulphate content which favours the dissolution due the 
formation of complex species such as {La(SO4)}
+. The solubilities of these two 
solids are high in 1 mol L-1 H2SO4 compared to those in H2O at 40 
oC due to the 
same reason. 
The findings of the solubility studies of mixed RE-carbonate solids in HClO4, H2SO4, 
solutions A, B and C and their derivatives can be listed as follows: 
➢ The solubility of RE(III) added as mixed RE-carbonate solids in 1 mol L-1 HClO4 
is comparatively very high (76.3 g L-1 at pH = 3.24) over that in 1 mol L-1 H2SO4 
(49.5 g L-1) at 40 oC due to the zero effect of sulphate ion. 
➢ The higher solubilities of REEs occur around 1 mol L-1 H2SO4 at 40 oC and 60 oC 
and around 0.75 mol L-1 H2SO4 at 80 
oC, again showing the influence of 
temperature and concentration on the formation of {La(SO4)}
+ and HSO4
- ions at 
equilibrium. 




➢ As discussed under the preliminary solubility studies, the presence of sodium ions 
in REC-2 solid also has a negative impact on the concentration of REEs in 
solution A, saturated using REC-2 solid. 
➢ The concentration of TREEs can be increased to a relatively large value (27.3 or 
31.6 g L-1) by adding RE-carbonate solids to sodium free solution A by 
maintaining pH at a low level using perchloric acid (pH = -0.24 or 0.04). 
However, the direct addition of RE-carbonate solids to solutions A (or sodium 
free solution A) without using perchloric acid for pH adjustment, does not produce 
solutions of high concentration of TREEs, indicating the negative effect of 











7 RAMAN SPECTROSCOPIC STUDIES OF 
AQUEOUS METAL ION COMPLEXATION 
 
7.1 Introduction 
The formation of complex species between rare earth metal ions and sulphate ions, 
described in Chapter 2, facilitates the dissolution of RE(III)-sulphate salts in H2SO4 
solutions. The highest solubility in H2SO4 solution occurs when its concentration is 
around 1 mol L-1 (Linke, 1965). The background cations, namely aluminium and iron(III) 
which exist as impurities in the process liquors, can also form stable sulphate complexes. 
The stability constants of sulphate complexes, reported by Stumm and Morgan  (1996) 
and other reserachers, have been described in Chapter 2 and the potential interferences of 
sulphate complexes of aluminium, iron(III) and RE(III) metal ions, as well as phosphate 
species, on the solubility of REEs have been discussed in Chapter 6.   
Raman spectroscopy is a very useful technique which provides qualitative and 
quantitative information on the formation of non-RE and RE metal cation aqueous 
complexes, in sulphate and phosphate solution systems, which have beneficial or 
detrimental impacts on the dissolution of REEs in solutions of acids or acid-salt mixtures. 
The bands for different vibrational modes of ions such as sulphate, hydrogen sulphate (or 
bisulphate), dihydrogen phosphate  and  molucules of un-dissociated phosphoric acid, 
investigated by the Raman spectroscopy, have been assigned using different solutions of: 
(i) ammonium sulphate, hydrogen sulphate and dihydrogen phosphate, (ii) aluminium, 




iron(III) and lanthanum(III) sulphate solutions and  (iii) sulphuric acid and phosphoric 
acid (Myhre et al., 2003; Nakamoto, 2009; Rudolph et al., 2000; Rudolph and Mason, 
2001; Rudolph, 2012; Rudolph and Irmer, 2015; Sobron et al., 2007). In addition to the 
bands related to the vibrational modes of sulphate ion, some bands have been assigned 
for sulphate complexes of aluminium, iron(III) and lanthanum(III) ions in individual 
sulphate solutions containing these cations.  
The aim of this chapter is the qualitative identification of complex formation of 
the relevant metal ions, using peak fitting of Raman spectra in different salt solutions and 
mixed acid-salt solutions as described in different research publications (Rudolph and 
Mason, 2001; Sobron et al., 2007; Rudolph and Irmer, 2015). The assigned bands for 
vibrational modes of sulphate, hydrogen sulphate and dihydrogen phosphate ions and un-
dissociated phosphoric acid in these salt solutions and mixtures of acid and salt solutions, 
namely ammonium, aluminium, iron(III), lanthanum(III) and cerium(III) sulphate 
solutions, sulphuric acid, phosphoric acid, mixtures of sulphuric and phosphoric acid and 
the above mentioned salts in sulphuric acid, are compared with the literature data. The 
actual concentrations of REEs in the solutions tested using the Raman spectroscopy are 
shown in Appendix 7A (Table 7A.1). 
7.2 Individual Aqueous Salt Solutions 
Sulphate ions in a (NH4)2SO4-H2O system are considered as free ions with Td 
(tetrahedral) symmetry. The corresponding vibrational modes were described in detail in 
Chapter 2 (Table 2.15). The peak fittings of a Raman spectrum of 1 mol L-1 (NH4)2SO4 
solution at 25 oC with Lorentz-Gaussian line shapes are shown in Figure 7.1a-b and the 
centered positions of the bands are listed in Table 7.1. The band positions, obtained for 
the 1(a1)-SO4
2-, 2(e)-SO4
2-, 3(f2)-SO42- and 4(f2)-SO42- modes are closer to those 




reported by Rudolph and Mason (2001), as noted in Table 7.1, which were also discussed 
in detail in Chapter 2 (Table 2.17).  
Figure 7.1c-f show the peak fitting to Raman spectra of other salt solutions: 0.75 
mol L-1 Al2(SO4)3 or Fe2(SO4)3 and saturated solutions of La2(SO4)3 or Ce2(SO4)3. In 
addition to the bands related to 1(a1)-SO4
2- and 3(f2)-SO4
2- in Al2(SO4)3 solution, a small 
band with a centered position at 1010.1 cm-1 can be observed (Figure7.1c). It is very close 
to the band position (1011 cm-1) reported by Rudolph and Mason (2001), who attributed 
it to the direct bonding of the sulphate and aluminium ions to form a complex species. 
Here, the sulphate ion replaces a water molecule in the hydration shell of aluminium 
through an oxygen atom sphere (Rudolph et al., 2000), as shown in Reaction 7.1.  
{Al(H2O)6}
3+  + SO4
2− ↔ {(H2O)5Al − OSO3}
+  + H2O     (7.1) 
  
Aluminium and iron(III) can undergo hydrolysis according to Reaction scheme 
2.15 (Chapter 2) and the generated H3O
+ ions can react with SO4
2- ions to produce HSO4
- 
in these solutions. However, spectroscopic evidence cannot be obtained for the existence 
of HSO4
- in Al2(SO4)3 solution (Table 7.1), which may be due to the relatively low 
concentration. 
Based on the equilibrium constants presented in Chapter 2 (Table 2.21), the extent 
of hydrolysis of iron(III) is much higher than that of aluminium ions. Considering the 
centered band positions related to the Raman spectrum of 0.75 mol L-1 Fe2(SO4)3 solution 
in Figure 7.1d, the existence of HSO4
- ions can be identified from 4(e)-HSO4
- at 1205.3 
cm-1, 1(a1)-HSO4
- at 1043.3 cm-1 and 2(a1)-HSO4
- at 893.8 cm-1, unlike in the case of 
0.75 mol L-1 Al2(SO4)3 solution.  






 (b) (NH4)2SO4 
 
   
(c) Al2(SO4)3 
 
 (d) Fe2(SO4)3 
 
   
(e) La2(SO4)3, 0.05 mol L-1 La(III) 
 
 (f) Ce2(SO4)3, 0.13 mol L-1 Ce(III)  
 
Figure 7.1. Peak fitting of Raman spectra of (a-b) 1 mol L-1 (NH4)2SO4 solution, (c) 0.75 
mol L-1 Al2(SO4)3, (d) 0.75 mol L
-1 Fe2(SO4)3 solutions and saturated solutions of (e) 
La2(SO4)3, 0.05 mol L
-1 La(III) and (f) Ce2(SO4)3, 0.13 mol L









Table 7.1. Assignment of bands in Raman spectra of salt solutions 
Vibrational modes 
Raman shift (cm-1)* Assignment 
(salt or reference) (NH4)2SO4 Al2(SO4)3 Fe2(SO4)3 La2(SO4)3 Ce2(SO4)3 
4(e)-HSO4
















   
1143.6 
(1155)a 
  Sulphate complex 
(Rudolph and Mason, 2001) 
1(a1)-HSO4
















(Rudolph and Mason, 2001; 
Sobron et al., 2007; Rudolph 

























   
651.6 
(668)a 
  Sulphate complex 









































































1)-REO9    438.8 448.8 {RE(H2O)9}
3+ 
6(e)-HSO4



















* Values in parentheses are from literature based data for salt/aqua complexes in last column. a. based on aluminium-
sulphate complexation. Reference for salts/aqua complexes; 0.85 mol L-1 NH4HSO4, 3 mol L-1 (NH4)2SO4 and 
{Al(H2O)6}3+  is Rudolph and Mason (2001). 
Conditions: 1 mol L-1(NH4)2SO4, 0.75 mol L-1Al2(SO4)3 or Fe2(SO4)3, saturated solutions of La2(SO4)3 (0.05 mol L-1 
La(III)) and Ce2(SO4)3 (0.13 mol L-1 Ce(III)) at 40 oC; temperature used for spectral analysis = 25 oC. (Abbreviations 
used in modes are : stretching, : in-plane bending or deformation, r: rocking, s: symmetric, as: asymmetric and d: 
degenerate; a1, e and f2 are characters) 
 
The broad band observed at 1002.1 cm-1 (Figure 7.1d) indicates the association 
between iron(III) and sulphate ions for the formation of {Fe(OSO3)}
+ type inner-sphere 
complexes, like in the case of aluminium. This band position is very close to the value 
(1005 cm-1), reported by Sobron et al. (2007) in an iron(III)-sulphuric acid-water system, 
for the formation of ferric sulphate aqueous complex. It can be suggested that the stability 
of iron(III) sulphate complexes is higher than that of aluminium sulphate complexes, 
based on the areas under the observed bands. This is consistent with the higher stability 




constants of sulphate complexes of iron(III) compared to those of aluminium ions 
reported in Appendix 2A (Table 2A.4). Moreover, the bands observed in Fe2(SO4)3 
solution at 1143.6 cm-1 and 651.6 cm-1 are also related to iron(III)-sulphate complexation. 
The peak fitting of Raman spectra of saturated solutions of La2(SO4)3 and 
Ce2(SO4)3 show a limited number of bands in the range of 800-1300 cm
-1 (Table 7.1), due 
to low concentrations of RE-sulphates in water at 40 oC, which lead to relatively low 
sulphate ion concentrations in the solutions. The bands, observed at 982.0 cm-1 and 980.2 
cm-1 in La2(SO4)3-H2O and Ce2(SO4)3-H2O, respectively, are related to the 1(a1)-SO4
2- 
vibrational mode and the bands observed at 994.0 cm-1 and 992.2 cm-1 in these solutions 
(Figure 7.1e-f) represent the formation of {RE(OSO3)}
+ type inner-sphere sulphate 
complexes. Rudolph and Irmer (2015) have identified a band for inner-sphere sulphate 
complex of lanthanum, {La(OSO3)}
+ in 0.04 mol L-1 La2(SO4)3 solution at 991 cm
-1 as 
described in Chapter 2 (Section 2.11.5, Table 2.22). This is consistent with the band for 
0.05 mol L-1 La(III) at 994.0 cm-1 in Figure 7.1e and a broader band at 992.2 for 0.13 mol 
L-1 Ce(III) in Figure 7.1f, with higher area due to higher concentration. 
The vibrational modes of hexa-aqua complexes of aluminium and iron(III), 
{M(H2O)6}
3+, and nona-aqua complexes of lanthanum and cerium, {RE(H2O)9}
3+, have 
also been discussed in Chapter 2. The bands of the vibrational modes of aqua complexes 
assigned to Oh symmetry of {M(H2O)6}
3+ and D3h symmetry of {RE(H2O)9}
3+ 
(considering H2O as a point mass and MO6 and REO9 skeletons, respectively) in these 
solutions, are also listed in Table 7.1. Although most of the Raman bands of La(III) 
sulphate solutions are in reasonable agreement with the reported data, there are minor 
differences between the bands for La(III) and Ce(III) which warrant further investigations 
in future studies. 




7.3 Sulphuric, Phosphoric and Mixed Acid Solutions 
7.3.1 Sulphuric Acid Solutions 
Figure 7.2a-b show the peak fitting of a Raman spectrum of 1 mol L-1 H2SO4 
solution at 25 oC.  Table 7.2 lists the centered band positions. These band positions show 
a good agreement with the results reported by Myhre et al. (2003) for 29.1% (w/w) H2SO4 
in the range of 900-1200 cm-1, described in detail in Chapter 2 (Table 2.17).  The molar 
ratio of HSO4
-/SO4
2- is expected to be larger in sulphuric acid, based on the equilibrium 
constants of Reaction 7.2 and 7.3.  
H2SO4 + H2O = HSO4- + H3O+,  Log K = 6.38 (7.2) 
HSO4- + H2O = SO42- + H3O+,   Log K = -2.00 (7.3) 
 
Although the bands can be assigned for both ions (Table 7.2), the intensity of the 
band of 1(a1)-HSO4
- at 1051.9 cm-1 is higher than that of 1(a1)-SO4
2- at 982.0 cm-1, 
suggesting the existence of HSO4
-  ions as the predominant species. This suggestion is 
further supported by the fact that the observed broad band for 3(f2)-SO4
2- in (NH4)2SO4 
at 1107.6 cm-1, listed in Table 7.1 (also see Table 2.17 for details), does not appear in 








2- in H2SO4 solutions (592.0, 431.6 and 489.9 cm
-1, 
respectively, in Table 7.2)) compared to those in (NH4)2SO4/NH4HSO4   solutions (562.6, 
414.6 and 450.7, respectively, in Table 7.1).  




 (a) H2SO4 
 












(e) H2SO4 + H3PO4 
 
 (f) H2SO4 + H3PO4 
 
Figure 7.2. Peak fitting of Raman spectra of individual acids and mixtures in the range of 
800-1300 cm-1 and 300-700 cm-1; (a-b) 1 mol L-1 H2SO4, (c-d) 1 mol L
-1 H3PO4 and (e-f) 
1 mol L-1 H2SO4+1 mol L











Table 7.2. Assignment of bands in Raman spectra of individual acids and mixtures 
Vibration modes 
Raman shift (cm-1)* Assignment 



































































(898, 900, 890.5) 
HSO4
- & H3PO4 
(NH4HSO4, H2SO4, H3PO4) 
2(a1)-H2PO4































































* Values in parentheses are from literature based data for acid/salts in last column. References for acid/salt; 29.1% 
(w/w) H2SO4 (Myhre et al., 2003), 0.183 mol kg-1 H3PO4 and 0.112 mol kg-1 NaH2PO4 (Rudolph, 2012), 0.85 mol L-1 
NH4HSO4 and 3 mol L-1 (NH4)2SO4 (Rudolph and Mason, 2001).  
Conditions: 1 mol L-1 H2SO4, 1 mol L-1 H3PO4 and 1 mol L-1 H2SO4+1 mol L-1 H3PO4 at 25 oC (ρ, τ, ω: rocking, 
wagging, twisting and refer Table 7.1 for other abbreviations) 
 
7.3.2 Phosphoric Acid Solutions 
The peak fitting of the Raman spectrum of 1 mol L-1 H3PO4 solution at 25 
oC is 
illustrated in Figure 7.2c-d. The centered band positions of the Raman spectra, listed in 
Table 7.2, support the presence of H2PO4
- ions, generated by the first dissociation of 
phosphoric acid (Reaction 7.4), as well as the presence of undissociated H3PO4 (H3PO4
0). 
The assigned bands for H2PO4
- ions in a solution of NaH2PO4 and undissociated H3PO4 
acid, described in Chapter 2 (Table 2.18), are comparable with the listed bands in Table 
7.2. The larger band intensity of 1(a1)-H3PO4 (891.1 cm
-1) compared to that of 1(a1)-
H2PO4
- (1076.1 cm-1) indicates the existence of only a small proportion of H2PO4
- ions 




compared to the undissociated H3PO4, as expected from the discussion in Chapter 2. The 






-) in the solution of 
H3PO4 also suggests the low concentration of H2PO4
- ions. 
H3PO4 + H2O = H2PO4- + H3O+ , Log K =  -2.16 (7.4) 
 
7.3.3 Mixed Phosphoric-Sulphuric Acid Solutions 
Due to the significantly high first acid dissociation constant of sulphuric acid 
(Reaction 7.2) compared to that of phosphoric acid (Reaction 7.4), it can be suggested 
that the concentration of H2PO4
- ions in the mixed acid solution is very low. Hence, the 
bands related to the vibrational modes of H2PO4
- cannot be observed from the band 
positions listed in Table 7.2, obtained by the peak fitting of a Raman spectrum of a 
mixture of 1 mol L-1 H2SO4 and 1 mol L
-1 H3PO4 solutions at 25 
oC (Figure 7.2e-f). The 
very high band intensity of 1(a1)-H3PO4 at 892.4 cm
-1 (Figure 7.2e) indicates the 
predominance of undissociated H3PO4 over H2PO4
- in this mixture, like in the system 
with only H3PO4 (Figure 7.2c). The predominance of HSO4
- ions over SO4
2- ions in the 
mixed acid solution of H2SO4+H3PO4 can also be noticed from the comparison of the 
band intensities of 1(a1)-HSO4
- (high) and 1(a1)-SO4
2- (low) at 1051.8 cm-1 and 981.9 
cm-1, respectively (Figure 7.2e). 
 
 




7.4 Mixed Aluminium or Iron(III) Sulphate Salts and Sulphuric Acid Solutions 
The broad bands obtained at 1022.6 cm-1 and 1000.0 cm-1 by peak fitting of 
Raman spectra of Al2(SO4)3-H2SO4 and Fe2(SO4)3-H2SO4 systems, respectively, represent 
the formation of sulphate complexes (Figure 7.3a-b). The band obtained in mixed 
Fe2(SO4)3-H2SO4 solution (1000.0 cm
-1) is very close to that in Fe2(SO4)3 solution (1002.1 
cm-1; Table 7.1), suggesting the formation of the same type of inner-sphere sulphate 
complex {Fe(OSO3)}
+. In contrast, the band obtained in Al2(SO4)3-H2SO4 solution 
(1022.6 cm-1) is considerably different from that in Al2(SO4)3 solution (1010.1 cm
-1; 
Table 7.1), suggesting the formation of a different type of sulphate complex. The broad 
band at 1022.6 cm-1 in Figure 7.3a is closer to the bands of 1(a1)-HSO4
- compared to that 
of 1(a1)-SO4
2- in the Al2(SO4)3-H2SO4 system. This indicates a prominent ion-association 
between aluminium and HSO4
- ions to form the {Al(OSO2OH)}
2+ complex species. This 
type of ion-association is also responsible for the appearance of weak bands in these two 
solutions at 1128.8 cm-1 (Figure 7.3a) and 1140.9 cm-1 (Figure 7.3b) noted in Table 7.3, 
compared to 1155 cm-1 assigned to sulphate complex by Rudolph and Mason (2001). 
 
 








Figure 7.3. Peak fitting of Raman spectra of (a) Al2(SO4)3-H2SO4 and (b) Fe2(SO4)3-
H2SO4 systems (1 mol L
-1 H2SO4, 0.75 mol L
-1 Al2(SO4)3 and 0.75 mol L
-1 Fe2(SO4)3 at 
25 oC) 
 
Table 7.3. Assignment of bands in Raman spectra of M2(SO4)3-H2SO4 systems  
(M = Al or Fe) 
Vibrational 
modes 
Raman shift (cm-1)* Assignment 






















(1053, 1051, 1054) 
1053.3 
(1053, 1051, 1054) 
HSO4
- 
(NH4HSO4, H2SO4, Al2(SO4)3) 
1041.8 
(1044, 1037, 1040) 
1038.9 
(1044, 1037, 1040) 
HSO4
- 












(981.4, 983, 983) 
982.4 
(981.4, 983, 983) 
SO4
2- 











* Values in parentheses are from literature based data on acid/salt in last column. a. based on aluminium-sulphate 
complexation. 
References for acid/salt: 29.1% (w/w) H2SO4 (Myhre et al., 2003); 0.85 mol L-1 NH4HSO4, 3 mol L-1 (NH4)2SO4 and 
0.98 mol L-1 Al2(SO4)3 (Rudolph and Mason, 2001); a mixture of 0.090 mol kg-1 H2SO4 and (0.01-1.5) mol kg-1 FeCl3 
(Sobron et al., 2007). 
Conditions: 0.75 mol L-1 Al2(SO4)3, 0.75 mol L-1 Fe2(SO4)3 and 1.0 mol L-1 H2SO4 at 25 oC (Refer Table 7.1 for 









7.5 Mixed RE(III)-Sulphate with Sulphuric and/or Phosphoric Acid Solutions 
Reaction 7.5-7.8 represent the dissolution of RE2(SO4)3.xH2O solids and the 
formation of complex species, along with relevant equilibrium constants, which can take 
place in mixed RE-salt/acid solutions. Figure 7.4 illustrates the peak fittings of Raman 
spectra of RE2(SO4)3-H2SO4 (Figure 7.4a-b), RE2(SO4)3-H3PO4 (Figure 7.4c-d) and 
RE2(SO4)3-H2SO4-H3PO4 (Figure 7.4e-f), respectively, where RE = La or Ce. The 
observed bands are listed in Table 7.4. All the broad bands, obtained at 994.7 cm-1, 1005.8 
cm-1, 1010.4 cm-1, 1006.1 cm-1, 1005.6 cm-1 and 1008.4 cm-1 in any of the above solutions 
in Figure 7.4-a-f, represent inner-sphere sulphate complexation {RE(OSO3)}
+ where RE 
= La or Ce.  
 
RE2(SO4)3.xH2O = 2RE3+ + 3SO42- + xH2O (7.5) 
RE3+ + H2PO4- = {RE(H2PO4)}2+, Log K = 2.50 (RE = La), 2.43 (RE = Ce) (7.6) 
RE3+ + SO42- = {RE(SO4)}+, Log K = 3.62 (RE = La or Ce) (7.7) 
RE3+ + HSO4- = {RE(SO4)}+ + H+, Log K = 1.62 (RE = La or Ce) (7.8) 
HSO4- + H2PO4- = SO42- + H3PO4, Log K = 0.16 (7.9) 
 
The centred band positions noted above for Figure 7.4a-f slightly vary from the 
same complex type from the values of 994.0 cm-1 for La2(SO4)3 and 992.2 cm
-1 for 




- ions, on RE3+and SO4
2- ions or sulphate complexes. It appears that the 
formation of inner-sphere complexes is predominantly taking place in H2SO4 or mixed 
H2SO4 and H3PO4 solutions. Such complexation promotes the dissociation of HSO4
- ions 
to generate more sulphate SO4
2- ions (Reaction 7.3) in the medium for further 
complexation (Reaction 7.7) according to the overall effect described in Reaction 7.8. It 




is of interest to note that the formation of {RE(H2PO4)}
2+ in phosphoric acid is more 
favourable than that of {RE(SO4)}
+ in sulphuric acid, as shown by the large value of Log 
K in Reaction 7.6 compared to that of Reaction 7.8. However, in a mixture of 
H2SO4+H3PO4   the concentration of H2PO4
- is expected to be very low due to strong 
acidity of H2SO4 which drives Reaction 7.4 in the reverse direction, discouraging the 
formation {RE(H2PO4)}
2+. This is apparent from the comparison between the area under 
the observed bands for the formation of complexes in H2O, H2SO4, H3PO4 or the mixture 
of H2SO4 and H3PO4 (Figure 7.1e-f and 7.4a-f), as shown by the highlights of the area of 
the band due to {RE(SO4)}
+ species listed below: 
(i) It is larger for {Ce(SO4)}+ compared to that of the {La(SO4)}+, as expected 
form higher concentrations of the former, 
(ii) It follows the ascending order in different solutions: H3PO4 < H2O < H2SO4 
< H2SO4+H3PO4 
Moreover, the low total concentration of 0.04 mol L-1 of Ce(III) in H3PO4 acid (see value 
noted in Figure 7.4d) itself provides evidence for the low concentration of {Ce(SO4)}
+ 
due to the  precipitation of CePO4 as a result of the high pKSP noted earlier.  
 




(a) La2(SO4)3 (0.10 mol L-1 La(III))-H2SO4 
 
(b) Ce2(SO4)3 (0.21 mol L-1 Ce(III))-H2SO4 
 
(c) La2(SO4)3 (0.12 mol L-1 La(III))-H3PO4 
 
(d) Ce2(SO4)3 (0.04 mol L-1 Ce(III))-H3PO4 
 
(e) La2(SO4)3 (0.12 mol L-1 La(III))-H2SO4-
H3PO4 
 
(f) Ce2(SO4)3 (0.19 mol L-1 Ce(III))-H2SO4-
H3PO4 
 
Figure 7.4. Peak fitting of Raman spectra of 1 mol L-1 H2SO4 and/or 1 mol L
-1 H3PO4, 
saturated with anhydrous La2(SO4)3 and Ce2(SO4)3.8H2O at 40 
oC; (a-b) RE2(SO4)3-








Table 7.4. Assignment of bands in Raman spectra of RE2(SO4)3-H2SO4 or H3PO4 and 
RE2(SO4)3-H2SO4- H3PO4 systems 
Vibrational  
modes 
Raman shift (cm-1)* Assignment 
(acids, salts or 
references) 
RE2(SO4)3-H2SO4 RE2(SO4)3-H3PO4 RE2(SO4)3-H2SO4-H3PO4 


























  Sulphate complex 















(1053, 1051) HSO4- 




































































* Values in parentheses are from literature based data on acid/salt in last column. a. based on aluminium-sulphate 
complexation. 
References for acid/salt: 29.1% (w/w) H2SO4 (Myhre et al., 2003); 0.85 mol L-1 NH4HSO4 and 3 mol L-1 (NH4)2SO4 
(Rudolph and Mason, 2001); 0.183 mol kg-1 H3PO4 (Rudolph, 2012). 
Conditions: 1 mol L-1 H2SO4 and/or 1 mol L-1 H3PO4 solutions, saturated with RE sulphate salts at 40 oC. temperature 
used for spectral analysis = 25 oC.  
Bands of 2(a1) HSO4- and 1(a1) H3PO4 are overlapped in the range of 891-895 cm-1 
 
 
The Raman spectroscopic data in Figure 7.4c-d provides evidence for the 
existence of HSO4
- ions in the RE2(SO4)3-H3PO4 system, i.e. bands at 1190.8, 1186.8, 
1051.6, 1051.4, ~ 891.1 and ~ 891.6 cm-1 in Table 7.4. Nevertheless, the bands for H2PO4
- 
ions at 387.4 cm-1 and 867.1 cm-1 for NaH2PO4 listed in Table 7.2 cannot be assigned in 
the RE2(SO4)3-H3PO4 and in the RE2(SO4)3-H2SO4-H3PO4 systems in Table 7.4, due to 
its relatively low concentration compared to those of HSO4
-, SO4
2- and un-dissociated 
H3PO4, indicating Reaction 7.8 is favoured in these solutions. The band of 2(a1)-HSO4
- 
appears to be overlapped with that of 1(a1)-H3PO4, since they have almost similar centred 
band positions. Moreover, the small bands observed at 1021.3 cm-1 and 1025.7 cm-1 in 
RE2(SO4)3-H3PO4 systems (Figure 7.4c-d) suggest the formation of {RE(H2PO4)}
2+ 
complexes, but warrant further studies in future work, including the possibility of the 
existence of mixed ligand complexes. 




7.6 Mixed RE(III) and Non-RE Salts and Sulphuric Acid Solutions 
Based on Figure 7.5a-f, Table 7.5 lists the centered band positions obtained by 
peak fittings of Raman spectra of solution mixtures of RE2(SO4)3-Al2(SO4)3-H2SO4 
(Figure 7.5a-b), RE2(SO4)3-Fe2(SO4)3-H2SO4 (Figure 7.5c-d) and RE2(SO4)3-Al2(SO4)3-
Fe2(SO4)3-H2SO4 (Figure 7.5e-f). The bands can be separately identified by considering 
the centered band positions for inner-sphere sulphate complexes in the three different 
ranges: aluminium (1027-1036 cm-1), iron(III) (996-1016 cm-1) and RE(III) (990-1012 
cm-1) ions reported by Rudolph and Mason (2001), Sobron et al. (2007) and Rudolph and 
Irmer (2015)  listed in Table 7.5. Based on the area under the observed bands (Figure 
7.5a-d and Table 7.5), the formation of aluminium or iron(III) sulphate complexes is 
predominant compared to those of RE(III) ions due to two reasons: 
(i) Order of the stability constants (Log β, shown within the brackets) follows 
in the descending order: {Fe(SO4)2}
- (5.4) > {Al(SO4)2}
- (4.9) > 
{Fe(SO4)}
+ (4.0) > {RE(SO4)}
+ (3.2-3.6) > {Al(SO4)}
+ (3.0) > 
{Fe(HSO4)}
2+ (2.5) > {Al(HSO4)}
2+ (0.46) (Chapter 2 and Appendix 2A),  
(ii)  Consequently, the solubility of RE(III) in these solutions (0.04-0.15 mol 
L-1, marked in captions of Figure 7.5a-f) are lower compared to the initial 
concentration of 1.50 mol L-1 Al(III) or Fe(III).  
Moreover, the bands obtained in the range of 1139-1144 cm-1, expected due to 
sulphate complexation (Rudolph and Mason, 2001), marked in Table 7.5 can be observed 
only in iron(III) containing acid-salt mixtures (RE2(SO4)3-Fe2(SO4)3-H2SO4 and 
RE2(SO4)3-Al2(SO4)3-Fe2(SO4)3-H2SO4). This is due to strong iron-sulphate complexes 
compared to aluminium-sulphate complexes, noted above. 




(a) La2(SO4)3-Al2(SO4)3-H2SO4 (0.07 mol L-1 
La(III)) 
 




(c) La2(SO4)3-Fe2(SO4)3-H2SO4 (0.09 mol L-1 
La(III)) 
 




(e) La2(SO4)3-Al2(SO4)3- Fe2(SO4)3-H2SO4 (0.04 
mol L-1 La(III))
 
(f) Ce2(SO4)3-Al2(SO4)3- Fe2(SO4)3-H2SO4 (0.08 
mol L-1 Ce(III))
 
Figure 7.5. Peak fitting of Raman spectra of RE2(SO4)3-M2(SO4)3-H2SO4 systems; (a) RE 
= La; M = Al, (b) RE = Ce; M = Al, (c) RE = La; M = Fe, (d) RE = Ce; M = Fe, (e) RE 
= La; M = Al and Fe and (f) RE = Ce; M = Al and Fe (concentrations; 0.75 mol L-1 
(Al2(SO4)3 or Fe2(SO4)3), 0.375 mol L
-1 (Al2(SO4)3 or Fe2(SO4)3 in mixtures (e-f) ), 












Raman shift (cm-1)* 
Assignment 
(acids, salts or 
references) 
RE2(SO4)3-Al2(SO4)3-H2SO4 RE2(SO4)3- Fe2(SO4)3-H2SO4 
RE2(SO4)3-Al2(SO4)3- 
Fe2(SO4)3-H2SO4 










































(1053, 1051) HSO4- 






















Sulphate complex of 
Al3+ (Rudolph and 
Mason, 2001) 
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* Values in parentheses are from literature based data on acid/salts in last column. a. based on aluminium-sulphate 
complexation. 
References for acid/salt: 29.1% (w/w) H2SO4 (Myhre et al., 2003); 0.85 mol L-1 NH4HSO4 and 3 mol L-1 (NH4)2SO4 
(Rudolph and Mason, 2001). 
Conditions: 0.75 mol L-1 Al2(SO4)3, 0.75 mol L-1 Fe2(SO4)3 or a mixture of 0.375 mol L-1 Al2(SO4)3 and 0.375 mol L-
1 Fe2(SO4)3 in 1 mol L-1 H2SO4, saturated with RE sulphate salts at 40 oC 
 
The formation of rare earth sulphate complexes {RE(SO4)}
+ even in water without 
added background sulphate is evident from the assigned bands of the spectra of saturated 
solutions of La2(SO4)3 and Ce2(SO4)3 in water, as expected from Reaction 6.2h. The 
formation of sulphate complexes is facilitated in solutions of H2SO4, as evident from a 
broader band in the spectrum of 1 mol L-1 H2SO4 saturated with these salts at 40 
oC 
(RE2(SO4)3-H2SO4 systems). Thus, the higher solubilities of La2(SO4)3 and 
Ce2(SO4)3.8H2O in 1 mol L
-1 H2SO4 than in H2O at 40 
oC, discussed in Chapter 6, can be 
related to the formation of sulphate complexes according to Reaction 6.2h. However, 
excess H2SO4 which increase HSO4
- concentration will facilitate the reverse reaction and 
hence lower the solubility of RE(III), as observed in previous chapters. The effect of 
change in water activity (aw = 1 for pure water) in concentrated acid and salt solution also 
affect the ionic activities and solubilities of salts (Senanayake and Muir, 2003) as H2O is 
involved in Reaction 6.2h, which needs to be considered in future studies.  




The formation of sulphate complexes of aluminium and iron(III) ions is evident 
from the observed bands in the spectra of M2(SO4)3-H2O, M2(SO4)3-H2SO4 (M = Al or 
Fe) and RE2(SO4)3-Al2(SO4)3-Fe2(SO4)3-H2SO4 systems. The formation of sulphate 
complexes of both aluminium and iron(III) ions is more favourable compared to that of 
RE(III) ion, as evident from the larger areas under the relevant bands for complexation in 
RE2(SO4)3-Al2(SO4)3-H2SO4 and RE2(SO4)3-Fe2(SO4)3-H2SO4 systems. The addition of 
Al(ClO4)3 and Fe(ClO4)3 while keeping the same total sulphate concentration (in H2SO4) 
can affect the system in two ways: (i) decrease the total sulphate concentration available 
for complexation, due to the formation of the sulphate complexes of Al3+ and Fe3+ which 
are more stable than that of RE3+, (ii) decrease in water activity due to strong hydration 
of trivalent cations. Both effects are detrimental for the dissolution of RE(III) according 
to Reaction 6.2g-h.   Thus, the saturated solubility follows the descending order noted 
below (Chapter 6, or Appendix 7A):  H2SO4 > H2SO4+Fe(ClO4)3 > H2SO4+Al(ClO4)3 > 
H2O > H2SO4+Al(ClO4)3+Fe(ClO4)3. This is further supported by the data in Table 6.1 
which shows that the saturated solubility of any of these solutions is lower if the added 
initial salt was La(ClO4)3 compared to La2(SO4)3 indicating that higher total sulphate 









7.7 Summary and Conclusion 
➢ According to the peak fittings of Raman spectra of Al2(SO4)3-H2O, Fe2(SO4)3-
H2O, Al2(SO4)3-H2SO4-H2O and Fe2(SO4)3-H2SO4-H2O systems, the formation of 
inner-sphere sulphate complexes {M(OSO3)}
+ (M = Al or Fe) is evident. The 
higher stability of iron(III)-sulphate complexes is evident from the higher areas 
under the bands assigned to these complexes. 
➢ Likewise, the formation of inner-sphere sulphate complexes of rare earth metal 
ions can be qualitatively identified by peak fittings of Raman spectra of 
RE2(SO4)3-H2O, RE2(SO4)3-H2SO4-H2O, RE2(SO4)3-H3PO4-H2O and RE2(SO4)3-
H2SO4-H3PO4-H2O (RE = La or Ce) systems. 
➢ The formation of a {RE(H2PO4)}2+ type phosphate complex can be suggested in 
RE2(SO4)3-H3PO4-H2O systems, although it is not visible from the assigned bands 
in the spectra of RE2(SO4)3-H2SO4-H3PO4-H2O systems. 
➢ Separate bands can be assigned for inner-sphere sulphate complexes of aluminium 
and/or iron(III) and RE(III) ions in the RE2(SO4)3-Al2(SO4)3-H2SO4-H2O, 
RE2(SO4)3-Fe2(SO4)3-H2SO4-H2O and RE2(SO4)3-Al2(SO4)3-Fe2(SO4)3-H2SO4-
H2O systems. The predominance of these inner-sphere complexes based on the 
area under the corresponding bands which follows a descending order of stability 
in these systems: Fe3+ > Al3+ > RE3+, also supports the stability order of these 
complexes. 
➢ Relatively higher stability of {Ce(SO4)}+, revealed by higher stability constants 
compared to that of {La(SO4)}
+ is also supported by the higher concentration of 
Ce(III) and the higher area under the corresponding bands.  




➢ The Raman studies provide evidence for the existence and the stability order of 
various sulphate complexes which in turn explains the differences in solubility of 
La(III) and Ce(III) in sulphate-phosphate liquors. 






8 A COMPARATIVE ROTATING DISC 
STUDY OF FLUORAPATITE 




The chemical assays of major and minor metal ions present in the minerals which 
co-exist with FAP as minor contaminants have been discussed in Chapter 4. The 
equilibrium constants for the potential chemical reactions which involve the major ions 
(calcium, phosphate and fluoride) as well as the REEs and non-REEs associated with the 
FAP structure during the dissolution or re-precipitation processes have been mentioned 
in Chapter 2 and Appendix 2A. Reaction 8.1-8.10 describe the dissolution of fluorapatite 
in different acids investigated in this thesis. Some of these reactions (8.1-8.5) have been 
proposed by previous researchers (Antar and Jemal, 2008; Brahim et al., 2008; 
Dorozhkin, 2012; Habashi, 1998; Jorjani et al., 2011; Li et al., 2006; Olanipekun, 1999; 
Wang et al., 2010; Wilemon, and Scheiner, 1987; Zafar et al., 2006). 
Ca5(PO4)3F + 10HClO4 = 5Ca(ClO4)2 + 3H3PO4 + HF (8.1) 
Ca5(PO4)3F + 10HCl = 5CaCl2 + 3H3PO4 + HF (8.2) 
Ca5(PO4)3F + 10HNO3 = 5Ca(NO3)2 + 3H3PO4 + HF (8.3) 
Ca5(PO4)3F + 5H2SO4 + 5xH2O = 5(CaSO4.xH2O) + 3H3PO4 + HF (x = 2 or 0.5) (8.4) 
Ca5(PO4)3F + 7H3PO4 = 5Ca(H2PO4)2 + HF (8.5) 
Ca5(PO4)3F + 10HCOOH = 5Ca(HCOO)2 + 3H3PO4 + HF (8.6) 




Ca5(PO4)3F + 10CH3COOH = 5Ca(CH3COO)2 + 3H3PO4 + HF (8.7) 
Ca5(PO4)3F + (10/x)H2C2O4 = (5/x)Cax(H2-xC2O4)2 + 3H3PO4 + HF (x = 1 and 2) (8.8) 
Ca5(PO4)3F + (10/x)C6H8O7 = (5/x)Cax(C6H8-xO7)2 + 3H3PO4 + HF (x = 1, 2 and 3) (8.9) 
Ca5(PO4)3F + 10C2H5NO2 = 5Ca(C2H4NO2)2 + 3H3PO4 + HF (8.10) 
 
This chapter presents the results of a systematic study of the dissolution kinetics 
of calcium, fluoride and phosphate ions, as well as the major REEs (lanthanum, cerium, 
praseodymium and neodymium) from a rotating disc of natural FAP in eight acids, shown 
in Reaction 8.1-8.5 and 8.7-8.9. The surface area of the rotating disc was 0.675 cm2 and 
it was dipped in 60 mL of each acid solution, which had a known concentration in the 
range of 0.1-1.0 mol L-1 and maintained in the temperature range of 25-90 oC.  The effects 
of rotation speed, in the range of 350-800 rpm, and the addition of 0.5 mol L-1 sodium 
chloride as a background salt were also investigated.  
The main objectives were to rationalize the dependence of dissolution kinetics of 
calcium, phosphate, fluoride and REEs on various inter-related factors: (i) proton 
activities of strong and weak acids, (ii) association (or complexation) between cations 
and anions, (iii) precipitations of solids on the disc surface and (iv) temperature. The 
results were used to determine the diffusion or chemically controlled nature of the surface 
reactions, based on the apparent activation energies (Ea), and propose a reaction 
mechanism for the dissolution of FAP based on the surface reaction kinetic models, 
published by Crundwell (2014a, 2014b). The applicability of the parabolic rate law in 
some cases assisted the determination of the proton diffusivity through the porous solids 
precipitated on the surface. The findings of this chapter will also be used to rationalize 
the leaching behavior of the FAP particles and FAP bearing phosphate concentrate in 
batch leaching experiments, presented in Chapter 9. 




8.2 Hydrogen Ion Activity and Speciation 
8.2.1 Strong Acids 
The activity of hydrogen ions of acids, referred to as proton activity, is one of the 
key factors which governs the dissolution rates of all species from FAP in acids. Although 
HCl, HNO3, HClO4 and H2SO4 are all strong acids, the proton activities (aH+) in these 
four acids, based on the equilibrium constants for the acid dissociation (Ka), follow a 
descending order: HClO4 (>10
9) > HCl (~106-7) > H2SO4 (~10
3) > HNO3 (~10
1) 
(Munegumi, 2013; Ouellette and Rawn, 2014). The measured and predicted proton 
activities in strong acids are available in the literature (Majima and Awakura, 1981; 
Senanayake, 2007). Figure 8.1 shows the measured proton activities in HClO4, HCl and 
H2SO4, corrected for liquid junction potentials, and it can be observed that all the three 
acids follow the same trend. 
 
Figure 8.1. Effect of acid concentration on proton activity of strong acids at 25 oC, 








8.2.2 Weak Acids 
Phosphoric and hydrofluoric acids, formed in Reaction 8.1-8.10, as well as acetic, 
citric and oxalic acids used as leaching agents in this study, are weak acids. Figure 8.2 
shows the effect of acid concentration on the measured pH and proton activity in weak 
acids at 25 oC, assuming negligible liquid junction potentials due to low dissociation of 
all acids. The proton activity, based on the measured pH values, follows a descending 
order: H2C2O4 > H3PO4 > C6H8O7 > CH3COOH.  
 
 
Figure 8.2. Effect of acid concentration on pH and proton activity of weak acids at 25 oC  
assuming negligible liquid junction potentials due to low dissociation of weak acids 
(measured pH values from this work) 
 
Chemical equations along with their equilibrium constants for the dissociation of 
weak acids are presented in Appendix 2A (Table 2A.1). The partial dissociations of 





3-), fluoride (HF0, HF2
-, F-) and various other 
weak acids, used as the dissolution media, have to be considered, as they affect the 
kinetics of the acid dissolution of FAP.  




The species HA in the generalised Reaction 8.11a is considered as a weak acid. 
According to Equation 8.12, the concentration ratio of [A-]/[HA] at equilibrium in the 
dissociation of HA is related to the relevant equilibrium constants (KH or Ka) and pH. 
According to these relationships, when the pH of the solution is equal to pKa, the two 
species HA and A- in solution exist in equimolar concentrations (50% each). Similar 
equations can be derived for the equilibrium between the protonated and unprotonated 
fluoride species, based on pKF, defined in Equation 8.13 for Reaction 8.11b:  
 
 HA = H+ + A- (Equilibrium constant = Ka or KH) (8.11a) 
HF2- = HF + F- (Equilibrium constant = KF) (8.11b) 
pH = pKH + log[A-]/[HA], where pKH = pKa= -log Ka (8.12) 
pF = pKF + log{[HF]/[HF2-]}, where pKF = -log KF (8.13) 
% of A− = 100 (
10(pH−pK)
1 +  10(pH−pK)
) , where pK = pKa = pKH (8.14) 
 
The species A- is predominant in solutions in which pH is greater than pKH (i.e. 
[A-] > 50%, [HA] < 50%). However, the published equilibrium constants under different 
conditions (such as ionic strength, temperature and medium) and the predicted speciation 
need to be reliable if they are used in the rationalisation of the dissolution behaviour of 
FAP. Moreover, the effect of temperature on each equilibrium constant and its influence 
on the relative concentration of species in Reaction 8.11 need to be considered as well. 
Figure 8.3 plots the effect of temperature on pKH and pKF, based on the HSC 7.1 database 
(Roine, 2012), which in turn shows the predominant regions of protonated (HA) and un-
protonated (A-) species relevant to the dissociation reactions of HCO3
-, HF, H3PO4, 
CH3COOH, C6H8O7 and H2C2O4. The change in temperature does not seem to have a 
significant influence on pH values. Figure 8.3 also includes the pKa for the dissociation 
of HSO4
- given by the equation: HSO4
- = H+ + SO4
2-, for the purpose of comparison. The 




change in predominant species in each acid type with respect to the pH of the solution 
can be identified from these figures. Table 8.1 shows the un-dissociated acid as the major 
species in weak acids at different concentrations, at 25 oC, since the measured pH values 
of those solutions are lower than the relevant pKa values. Therefore, Table 2A.7-2A.10 
in Appendix 2A list the reactions involving major species in Table 8.1 relevant to the 
tests conducted in this thesis to examine the feasibility and the validity of using them to 
rationalise the test results. 
 
(a) H3PO4 and CH3COOH 
 
 
(b) C6H8O7 and H2C2O4 
 





Figure 8.3. Effect of temperature on dissociation equilibrium constants of (a) H3PO4 and 
CH3COOH and (b) C6H8O7 and H2C2O4, (c) HF and HCO3
- and (d) HSO4
-, assuming 































4.76 (pKa) CH3COOH0  CH3COO-  0.5 2.28 
1.0 2.10 
The pH values from Figure 8.2 and pKa values from Table 2A.1 in Appendix 2A; refer Equation 8.12 
 
8.2.3 Ion Association and Complexation 
Hydrogen and calcium ions, as well as the rare earth metal cations form ion-pairs 
or complex species with various anions of strong and weak acids, used for the dissolution 
of FAP. The association constants of various anions with hydrogen, calcium and sodium 
ions relevant to this thesis have been presented in Appendix 2A. The reliability of the 
association constants (K1 or β1) can be examined using the linear correlations of free 
energy or relevant equilibrium constants, as described in previous publications 
(Carbonaro et al., 2011; Hancock et al., 1974). Thus, Figure 8.4a-b plots the log β1 values 
of H+ and Ca2+ as a function of those of Na+ ions, based on the values listed in Table 8.2. 
The data points fall into a reasonably linear relationship in most cases, confirming the 
reliability of most of the reported constants, which can be used to interpret the kinetic 
data, presented later. The associations between the anions and RE3+ cations are also 
included as RE3+-La3+ and RE3+-Ca2+ correlations in Figure 8.4c-d to verify the reliability 
of association constants of RE metal ions, which is confirmed by their linear relationship. 




However, the two outliers for F- and C6H5O7
3- indicate that the reported values of the 
association constants of Ca2+ or RE3+ ions are erroneous. 
Table 8.2. Stability constants for formation of aqueous complexes (β1) of hydrogen, 
sodium, calcium and rare earth(III) ions 
Anion 
Log β1 for association with different cations 
H+ Na+ Ca2+ 
RE3+ 
La3+ Ce3+ Pr3+ Nd3+ 
F- 2.91 -0.24 0.53 3.12 3.28 3.48 3.56 
Cl- 
-6.0* -0.60  
-0.74 
0.43 0.29 0.31 0.32 0.32 
NO3- 




0.58 0.69 0.69 0.79 
SO42- 1.92 0.65 2.23 3.62 3.62 3.62 3.64 
H2PO4- 2.12 0.09 1.41 1.79 1.92 2 2.05 
HPO42- 7.21 0.69 2.58 4.11 4.32 4.45 4.54 
C2O42- 4.27 0.88 3.27 4.94 5.04 5.32 5.39 
CH3COO- 4.76 -0.11 0.93 1.8 1.91 2.01 2.1 
C6H7O7- 3.13 0.25 1.04 2.52    
C6H6O72- 4.76 0.60 2.03 3.80    
C6H5O73- 6.40 1.35 3.64 9.11 9.50 9.76 9.94 
At 25 oC and ionic strength 0–1; References: * Negative values imply strong dissociation of HCl and HNO3, Munegumi, 









































(a) H+-Na+ correlation 
 
(b) Ca2+-Na+ correlation 
 
(c) RE3+-La3+ correlations 
 
(d) RE3+-Ca2+ correlations 
 
Figure 8.4. Correlations of stability constants for anion associations with H+, Na+ and 
Ca2+ ions at 25 oC; (a) H+-Na+ correlations, (b) Ca2+-Na+ correlations, (c) RE3+-La3+ 
correlations and (d) RE3+-Ca2+ correlations (data from Table 8.2); Green color triangles 
in (a) and data in green colour circles in (d) are outliers from trend lines 
 
8.3 General Comparison of Dissolution Results 
8.3.1 Effect of Acid Type, Concentration and Temperature 
For the purpose of comparison, the extent of dissolution of calcium, phosphate, 
fluoride, lanthanum and cerium per unit area of the FAP disc (i.e. mol m-2), in 0.1, 0.5 
and 1.0 mol L-1 acids at 25 oC during the first 30 or 120 minutes is illustrated in Figure 
8.5a-h. It is reasonable to assume that the increase in surface area of the disc and its 




influence on the dissolution of FAP are negligible in solutions of low acid concentrations. 
The dissolution results for solutions of different acids, measured by withdrawing samples 
after 30 or 120 min under different conditions, are listed in Table 8.3. The results are also 
presented in Appendix 8A, in both tabulated and graphical forms. The results in Figure 
8.5 and Table 8.3 show beneficial effects of high acid concentrations and high 
temperatures on the dissolutions of calcium, phosphate and fluoride in HClO4, HCl, 
HNO3, H2SO4, H3PO4 and CH3COOH. In contrast, the use of C6H8O7 has a detrimental 
effect on the dissolution of calcium and phosphate at high acid concentrations, while 
elevated temperatures show a beneficial effect. Higher dissolutions of REEs in strong 
acids compared to low dissolution in weak acids are evident in 0.5 mol L-1 acids at 25 oC. 
Considering the dissolution of REEs, the lowest dissolution after 120 min can be observed 
in perchloric acid (strong acids) and acetic acid (weak acids): HNO3 > H2SO4 > HCl > 
HClO4  > H3PO4  > H2C2O4  > C6H8O7  > CH3COOH.  




(a) Ca in 0.1 mol L-1 acids 
 
(b) P in 0.1 mol L-1 acids 
 
(c) Ca in 0.5 mol L-1 acids 
 
(d) P in 0.5 mol L-1 acids 
 
(e) La in 0.5 mol L-1 acids 
 
(f) La in 0.5 mol L-1 acids 
 
(g) Ce in 0.5 mol L-1 acids 
 
(h) Ce in 0.5 mol L-1 acids 
 
Figure 8.5. Dissolution of calcium and phosphate in (a-b) 0.1 mol L-1 acids and (c-d) 0.5 
mol L-1 acids and (e-f) lanthanum and (g-h) cerium in 0.5 mol L-1 acids at 25 oC (leach 













Dissolved amounts of Ca, P and F (mol m-2) and REEs (mmol m-2) after 30 min 
0.1 mol L-1 
(25 oC) 
0.5 mol L-1 
(25 oC) 
1.0 mol L-1 
(25 oC) 
0.5 mol L-1 
(50 oC) 
0.5 mol L-1 
(70 oC) 







HCl 0.22 1.07 1.85 5.56 11.1 25.9 
HNO3 0.19 0.86 1.62 4.04 8.59 - 
HClO4 0.32 0.76 1.03 2.29 7.11 - 
H2SO4 0.30 0.83 1.19 3.54 7.32 - 
H3PO4 0.16 0.22 0.28 1.02 1.75 2.44 
C6H8O7 0.06 0.03 0.02 0.18 0.53 1.14 
CH3COOH 0.010 0.026 0.029 0.033 0.069 0.084 






HCl 0.13 0.67 1.15 3.34 6.93 16.2 
HNO3 0.11 0.52 0.98 2.48 6.19 - 
HClO4 0.36 0.47 0.59 1.51 4.44 - 
H2SO4 0.18 0.49 0.68 1.96 4.24 - 
H3PO4 - - - - - - 
C6H8O7 0.050 0.021 0.016 0.131 0.392 0.786 
CH3COOH - 0.018 - 0.026 0.105 0.131 






HCl 0.04 0.19 0.32 0.89 1.63 3.50 
HNO3 0.04 0.14 0.28 0.70 1.74 - 
HClO4 0.05 0.13 0.19 0.50 1.27 - 
H2SO4 0.05 0.14 0.19 0.57 1.25 - 
H3PO4* 0.09 0.14 0.16 0.56 1.61 1.41 
C6H8O7* 0.025 0.030 0.025 0.151 0.516 1.134 
CH3COOH* 0.007 0.013 0.018 0.009 0.032 0.027 
H2C2O4* - 0.063 - - - - 
La 
 
HCl - 2.35 - - - - 
HNO3 - 2.78 - - - - 
HClO4 - 1.67 - - - - 
H2SO4 - 2.82 - - - - 
H3PO4 - 0.45 - - - - 
C6H8O7 - 0.21 - - - - 
CH3COOH - 0.12 - - - - 
H2C2O4 - 0.31 - - - - 
Ce 
 
HCl - 2.94 - - - - 
HNO3 - 3.50 - - - - 
HClO4 - 2.06 - - - - 
H2SO4 - 3.61 - - - - 
H3PO4 - 0.52 - - - - 
C6H8O7 - 0.23 - - - - 
CH3COOH - 0.13 - - - - 
H2C2O4 - 0.35 - - - - 
Pr 
 
HCl - 0.26 - - - - 
HNO3 - 0.32 - - - - 
HClO4 - 0.18 - - - - 
H2SO4 - 0.32 - - - - 
H3PO4 - 0.04 - - - - 
C6H8O7 - 0.02 - - - - 
CH3COOH - 0.01 - - - - 
H2C2O4 - 0.03 - - - - 
Nd 
 
HCl - 0.86 - - - - 
HNO3 - 1.02 - - - - 
HClO4 - 0.61 - - - - 
H2SO4 - 1.05 - - - - 
H3PO4 - 0.15 - - - - 
C6H8O7 - 0.07 - - - - 
CH3COOH - 0.04 - - - - 
H2C2O4 - 0.09 - - - - 
Dissolution time = 30 min (*120 min); rotation speed = 450 rpm; solution volume = 60 cm3; surface area of the FAP 
disc = 0.675 cm2 
 




The main features resulting from this investigation are summarized below: 
 
(i) The dissolved amounts of calcium and phosphate in dilute 0.1 mol L-1 
strong acid solutions follow a descending order, showing HClO4 as the 
most reactive acid: HClO4 > H2SO4 > HCl > HNO3 (Table 8.3). 
(ii) However, the descending orders in 0.5 mol L-1 and 1.0 mol L-1 acid 
solutions follow a different order, showing that HClO4 is less reactive than 
HCl.  
(iii) Higher extent of calcium and phosphate dissolution in HCl, compared to 
that in HClO4 due to the change in concentration from 0.1 mol L
-1 to 0.5 
mol L-1, is illustrated in Figure 8.5a-b (0.1 mol L-1) and 8.5c-d (0.5 mol L-
1). 
(iv) The linear dissolution patterns of calcium and phosphate can be observed 
in all strong acids, except in 0.1 mol L-1 HClO4, at 25 
oC during the entire 
dissolution period in Figure 8.5a-d and Figure 8A.1 in Appendix 8A. The 
linear dissolution patterns also indicate that the acid concentrations 
employed in this study were adequate (excess acid) to drive the dissolution 
reactions during the entire dissolution period in these acids.  
(v) The low extents of dissolution in weak acids compared to strong acids are 
common for calcium and phosphate as shown in Figure 8.5a-d.  
(vi) The extents of dissolution of calcium, phosphate and fluoride in weak 
acids follow a descending order: H3PO4 > C6H8O7 > CH3COOH.  
(vii) Unlike in strong acids, the dissolution patterns in weak acids deviate from 
the linear behavior in most cases as shown in Figure 8.5a-d. 




Table 8.3 shows that the extent of dissolution of lanthanum, cerium, 
praseodymium and neodymium over a period of 30 minutes, follows the general 
descending order, showing H2SO4 as the most reactive agent: H2SO4 > HNO3 > HCl > 
HClO4 >> H3PO4 > H2C2O4 > C6H8O7 > CH3COOH. The higher extent of dissolution in 
strong acids compared to that in weak acids reflects the effect of different proton activities 
and the ability of metal ions to form complex species with anions of strong and weak 
acids, noted in Table 8.2 and discussed later. However, the dissolved amounts after 120 
min in Figure 8.5e-h show highest dissolution in HNO3, while the order of other acids 
remains unchanged.  
8.3.2 Effect of NaCl 
The extent of dissolution of calcium, phosphate, lanthanum, cerium, 
praseodymium and neodymium in 0.5 mol L-1 acid solutions in the absence or presence 
of 0.5 mol L-1 sodium chloride at 25 oC are compared in Figure 8.6-8.7 and Figure 8A.4-
8A.5 based on the results listed in Appendix 8A. The dissolution results of calcium, 
phosphate, fluoride and REEs from the FAP disc after 120 minutes in different acid 
solutions of 0.5 mol L-1 concentration, in the absence or presence of 0.5 mol L-1 NaCl, 
are listed in Table 8.4 and also plotted in Figure 8.8. From the comparison in Figure 8.6-
8.8, the effect of NaCl appears to be neutral, detrimental or beneficial. For example, the 
dissolution of species follows a general descending order: HNO3 > H2SO4 > HCl > HClO4 
>> H3PO4 > H2C2O4 > C6H8O7 > CH3COOH,  but there are other points worth noting: (i) 
the presence of NaCl decreases the dissolution of calcium, phosphate and fluoride in 
H2SO4, (ii) the dissolution in weak acids is much lower than that in strong acids, but the 
presence of NaCl seems to increase the dissolution in H2C2O4, (iii) the order of dissolution 
of REEs in different acids is as  same as that of calcium, (iv) while the dissolution of 
REEs in a given acid descends in the order: Ce > La > Nd > Pr, the presence of NaCl in 




H2SO4 has a large detrimental effect.  These differences can be further examined using 
the stoichiometry of the dissolution reactions, described in the next section. 
 




















Figure 8.6. Effect of NaCl on dissolution of calcium and phosphate (P(V)) in different 
acids at 25 oC; (a-b) HClO4, (c-d) H2SO4, (e-f) H2C2O4 and (g-h) C6H8O7 (acid or NaCl 
concentration = 0.5 mol L-1) 




















Figure 8.7. Effect of NaCl on dissolution of lanthanum and cerium in different acids at 
25 oC; (a-b) HClO4, (c-d) H2SO4, (e-f) H2C2O4 and (g-h) C6H8O7 (acid or NaCl 
concentration = 0.5 mol L-1) 




(a) Ca, P and F in acid 
 
(b) Ca, P and F in acid+NaCl 
 
(c) REEs in acid 
 
(d) REEs in acid+NaCl 
 
Figure 8.8. Dissolved amounts of different elements (a-b) Ca, P and F and (c-d) REEs in 
acid and acid+NaCl systems after 120 min dissolution period at 25 oC (data from Table 
8.4) 
 
Table 8.4. Effect of NaCl on dissolution results of all elements 
Acid type 
Dissolved amounts after 120 min (mol m-2) Dissolved amounts after 120 min (mmol m-2) 





























































































HCl 3.62 3.79 2.20 2.18 0.60 0.58 9.77 9.81 12.4 12.3 1.06 1.01 3.40 3.29 
HNO3 3.96 3.79 2.44 2.22 0.69 0.62 12.2 9.62 15.3 12.1 1.31 1.06 4.21 3.56 
HClO4 2.93 3.61 1.67 2.15 0.41 0.51 7.48 8.2 9.51 10.3 0.81 0.90 2.75 3.04 
H2SO4 3.79 0.98 2.22 0.56 0.63 0.16 10.9 2.78 14.1 3.49 1.21 0.29 3.89 0.93 
H3PO4 0.46 0.39 - - 0.07 0.06 1.46 1.05 1.86 1.23 0.16 0.10 0.54 0.33 
H2C2O4 0.29 0.63 0.22 0.38 0.06 0.11 0.52 1.67 0.60 2.09 0.05 0.18 0.15 0.55 
C6H8O7 0.09 0.13 0.07 0.08 0.02 0.02 0.38 0.41 0.43 0.46 0.04 0.04 0.12 0.12 
CH3COOH 0.07 0.10 0.04 0.05 0.01 0.02 0.23 0.27 0.28 0.32 0.03 0.03 0.08 0.09 
Dissolution time period = 120 min; acid or NaCl concentration = 0.5 mol L-1; temperature = 25 oC; rotation speed = 
450 rpm; surface area of the FAP disc = 0.675 cm2 
 




8.4 Dissolution Stoichiometry and Effect of Complexation 
8.4.1 Theoretical Molar Ratios 
The dissolution of FAP involves the release of Ca2+, PO4
3- and F- ions to the 
solution as shown in the general stoichiometric equation in Reaction 8.15, ignoring the 
protonation of phosphate and fluoride anions and the formation of various complex 
species of calcium ions. The rate relationships for the stoichiometric dissolution are given 
by Equation 8.16a-c, where RX (X = Ca, P or F) = rate of dissolution of X (mol m-2 s-1) and NX 
(X = Ca, P or F) = dissolved moles of X (mol m-2) at time t.  























=  0.2 (8.16c) 
 
8.4.2 Complexation Equilibria 
The strong acids give high proton activities by complete dissociation of HClO4, 
HCl and HNO3. However, only the first dissociation of H2SO4 into H
+ and HSO4
- goes to 
completion.  The weak acids do not undergo complete dissociation and thus, they give 
low proton activities.  The calcium ions form complex species with anions such as 
chloride, nitrate, sulphate, phosphate, fluoride and anions formed from the weak acids. 
For example, Figure 8.9a shows the formation constants of complex species of calcium 
ions with anions in the acid solutions of interest. The stability of calcium species varies 
in the descending order for the seven acids investigated, ignoring the association with 











+ > {CaF}+ > {CaCl}+ > {Ca(HC2O4)}
+ > {CaCl2}
0. 
Likewise, sodium and RE cations associate with anions as shown Figure 8.9b-c, whilst 
calcium ions can also form various precipitates with phosphate, sulphate, oxalate and 
citrate with a range of pKSP values, listed in Table 8.5.  
Table 8.5. Possible precipitations during FAP dissolution 
Metal ions Anion Precipitation reaction pKSP (at 20-25 oC) 
Ca2+ 
Fluoride Ca2+ + 2F- = CaF2(s) 10.5 
Sulphate 
Ca2+ + SO42- + 2H2O = CaSO4.2H2O(s) 4.50 
Ca2+ + SO42- + 0.5H2O = CaSO4.0.5H2O(s) 6.51 
Phosphate 
Ca2+ + 2H2PO4- = Ca(H2PO4)2(s) NR 
Ca2+ + HPO42- + 2H2O = CaHPO4.2H2O (s) 6.56a 
3Ca2+ + 2PO43- = Ca3(PO4)2(s) 31.9 
Oxalate Ca2+ + C2O42- + H2O = CaC2O4.H2O(s) 8.63 
Citrate 3Ca2+ + 2C6H5O73- + 4H2O = Ca3(C6H5O7)2.4H2O(s) 17.8 
RE3+ 
Phosphate RE3+ + PO43- = REPO4(s) 25.7-26.4 
Oxalate 2RE3+ + 3C2O42- = RE2(C2O4)3 (s) 29.3-30.9 
Citrate RE3+ + C6H5O73- + RE(C6H5O7)(s) 10.6-15.6 
RE3+, Na+ Sulphate RE3+ + Na+ + 2SO42- + H2O = NaRE(SO4)2.H2O(s) 5.7-8.4 
a. Moreno et al. (1966); pKSP data from Tables 2.12-2.14 (Chapter 2) and 2A.6 (Appendix 2A); NR = Not Recorded 
 
However, most of the weak acids exist in their undissociated form in the solutions 
used to test the FAP dissolution, as described in Section 8.2 with reference to Table 8.1. 
Thus, the equilibrium constants (K) for the formation of complex species or precipitates 
of sodium, calcium or RE cations, calculated from the equilibrium constants presented in 
Chapter 2 and Appendix 2A, are listed in Table 8.6, 8.7 and 8.8. The log K values greater 
than zero (K>1) may be useful in explaining some of the dissolution trends of calcium 
and RE cations in Figure 8.10 and Table 8.9, discussed in the next section. 
 
 




(a) Complexes of Ca2+ 
 
(b) Complexes of Na+ 
 
(c) Complexes of RE3+ 
 
Figure 8.9. Comparison of stability constant for formation of complex species of (a) 
calcium, (b) sodium and (c) RE(III) metal ions at 25 oC  
(data from Tables 2.10-2.12 (Chapter 2), 2A.1, 2A.2 and 2A.3 (Appendix 2A)) 




Table 8.6. Equilibrium constants for sodium ion association reactions 
Reaction 
No. 
Reaction Log K at 25 oC 
8.17 Na+ + NO3- = {Na(NO3)}0 (-0.30 to -0.50) 
8.18 Na+ + Cl- = {NaCl}0 -0.60, -0.74 
8.19 Na+ + HSO4- = {Na(SO4)}- + H+ -1.27 
8.20 Na+ + H3PO4 = {Na(H2PO4)}0 + H+ -2.03 
8.21 Na+ + C6H8O7 = {Na(C6H7O7)}0 + H+ -2.88 
8.22 Na+ + HF = {NaF}0 + H+ -3.15 
8.23 Na+ + H2C2O4 = {Na(C2O4)}- + 2H+ -4.66 
8.24 Na+ + CH3COOH = {Na(CH3COO)}0 + H+ -4.87 
8.25 Na+ + C6H8O7 = {Na(C6H6O7)}- + 2H+ -7.29 
8.26 Na+ + H3PO4 = {Na(HPO4)}- + 2H+ -8.64 
8.27 Na+ + C6H8O7 = {Na(C6H5O7)}2- + 3H+ -12.9 
Calculated using literature data in Table 2A.1 and 2A.2 (Appendix 2A) 
 
Table 8.7. Equilibrium constants for calcium ion association and precipitation reactions 
Reaction 
No. 
Reaction Log K at 25 oC 
8.28 Ca2+ + NO3- = {Ca(NO3)}+ 0.68, 0.70 
8.29 Ca2+ + Cl- = {CaCl}+ 0.43 
8.30 Ca2+ + HSO4- = {Ca(SO4)}0 + H+ 0.31 
8.31 Ca2+ + 2Cl- = {CaCl2}0 -0.68 
8.32 Ca2+ + H3PO4 = {Ca(H2PO4)}+ + H+ -0.71 
8.33 Ca2+ + C6H8O7 = {Ca(C6H7O7)}+ + H+ -2.09 
8.34 Ca2+ + H2C2O4 = {Ca(C2O4)}0 + 2H+ -2.27 
8.35 Ca2+ + HF = {CaF}+ + H+ -2.38 
8.36 Ca2+ + CH3COOH = {Ca(CH3COO)}+ + H+ -3.83 
8.37 Ca2+ + C6H8O7 = {Ca(C6H6O7)}0 + 2H+ -5.86 
8.38 Ca2+ + H3PO4 = {Ca(HPO4)}0 + 2H+ -6.75 
8.39 Ca2+ + C6H8O7 = {Ca(C6H5O7)}- + 3H+ -10.6 
    
8.40 Ca2+ + 2HF = CaF2(s) + 2H+ 4.68 
8.41 Ca2+ + HSO4-  + 0.5H2O = CaSO4.0.5H2O(s) + H+ 4.59 
8.42 Ca2+ + H2C2O4 + H2O = CaC2O4.H2O(s) + 2H+ 3.09 
8.43 Ca2+ + HSO4- + 2H2O = CaSO4.2H2O(s) + H+ 2.58 
8.44 3Ca2+ + 2C6H8O7 + 4H2O = Ca3(C6H5O7)2.4H2O(s) + 6H+ -10.8 
8.45a 3Ca2+ + 2H3PO4  = Ca3(PO4)2(s) + 6H+ -11.4 
8.45b Ca2+ + H3PO4 + 2H2O = CaHPO4.2H2O (s) + 2H+ -2.77 
















Log K at 20-25 oC 
RE = La RE = Ce RE = Pr RE = Nd 
8.46 RE3+ + HF = {REF}2+ + H+ 0.21 0.37 0.57 0.65 
8.47 RE3+ + Cl- = {RECl}2+ 0.29, 0.48 0.31, 0.47  0.32, 0.44 0.32, 0.40 
8.48 RE3+ + 2Cl- = {RECl2}
+ - 0.03 -0.01 0.04 
8.49 RE3+ + NO3
- = {RE(NO3)}
2+ 0.58 0.69 0.69 0.79 
8.50 RE3+ + 3NO3
- = {RE(NO3)3}
0 -0.21 0.18 -0.02 0.04 
8.51 RE3+ + HSO4
- = {RE(SO4)}
+ + H+ 1.29 1.37 1.35 1.34 
8.52 RE3+ + H3PO4 = {RE(H2PO4)}
2+ + H+ 0.38 0.31 0.25 0.19 
8.53 RE3+ + H3PO4 = {RE(HPO4)}
+ + 2H+ -4.46 -4.35 -4.25 -4.15 
8.54 RE3+ + CH3COOH = {RE(CH3COO)}
+ + H+ -2.96 -2.85 -2.75 -2.66 
8.55 RE3+ + H2C2O4 = {RE(HC2O4)}
2+ + H+ 0.75-1.06 0.75-1.06 0.75-1.06 0.75-1.06 
8.56 RE3+ + H2C2O4 = {RE(C2O4)}
+ + 2H+ -0.60 -0.50 -0.22 -0.15 
8.57 RE3+ + C6H8O7 = {RE(C6H7O7)}
2+ + H+ -0.61    
8.58 RE3+ + C6H8O7 = {RE(C6H6O7)}
+ + 2H+ -4.09    
8.59 RE3+ + C6H8O7 = {RE(C6H5O7)}
0 + 3H+ -5.18 -4.79 -4.53 -4.35 
      
8.60 
Na+ + RE3+ + 2HSO4
- + H2O = 
NaRE(SO4)2.H2O(s) + 2H
+ 
2.96 4.56 3.26 3.26 
8.61 RE3+ + H3PO4 = REPO4(s) + 3H
+ 4.07 4.57 4.77 4.57 
8.62 2RE3+ + 3H2C2O4 = RE2(C2O4)3(s) + 6H
+ 12.7 12.6 13.8 14.3 
8.63 RE3+ + C6H8O7 = RE(C6H5O7)(s) + 3H
+ (-3.69) – 1.31 (-3.69) – 1.31 (-3.69) –1.31 (-3.69) – 1.31 
Calculated using literature data in Table 2.12-2.14 (Chapter 2) and 2A.1 (Appendix 2A) 
 
 
8.5 Dissolution Correlations in Acid Solutions 
8.5.1 Comparison of Calcium, Phosphate and Fluoride Dissolution in Different 
Acids 
The correlations of dissolved amounts of calcium, phosphate and fluoride in 
different acids under different conditions are illustrated in Figure 8.10 and in Appendix 
8A, comparing the effect of acid concentration and temperature. The slopes of these 
figures indicate the dissolved molar ratios of P/Ca and F/Ca in the eight acid solutions at 
different concentrations and 0.5 mol L-1 concentration of each acid in the absence or 
presence of 0.5 mol L-1 NaCl. The correlation slopes are listed in Table 8.9 in order to 
compare the experimental ratios with the theoretical ratios of P/Ca = 0.6 and F/Ca = 0.2, 
based on the theoretical formula (Ca5(PO4)3F) and Equation 8.16b-c.  
 
 




(a) HCl and HClO4: Effect of acid concentration 
 
(b) HClO4: Effect of acid concentration 
 
(c) HNO3 and H2SO4: Effect of temperature at 
0.5 mol L-1 acid  
 




(e) HCl, HNO3, HClO4 and H2SO4: Effect of 
acid concentration and temperature 
 
(f) H3PO4 and CH3COOH: Effect of acid concentration 
and temperature 
 
                                        (g) C6H8O7: Effect of acid concentration and temperature 
 
Figure 8.10. Correlations between dissolved calcium and phosphate in (a) HCl and HClO4 
at 25 oC, (b) 0.1 mol L-1 HClO4 at 25 
oC, (c) 0.5 mol L-1 HNO3 and H2SO4 and (d) 
CH3COOH; correlations between dissolved calcium and fluoride in (e) all strong acids 
(HCl, HNO3, HClO4 and H2SO4), (f) H3PO4 and CH3COOH and (g) C6H8O7 (markers in 
circles are outliers to trendline in figure (e)) 




Table 8.9. Correlations of dissolved calcium, phosphate and fluoride 
Acid Concentration  
(mol L-1) 





Acid alone Acid + NaCl Acid alone Acid + NaCl 








25 0.60 0.60 0.17 0.14 
50 0.60  0.17  
70 0.60  0.17  
1.0 25 0.60  0.17  
HCl 
0.1 25 0.60  0.17  
0.5 
25 0.61 0.58 0.17 0.15 
50 0.60  0.15 - 0.17  
70 0.60  0.15 - 0.17  
90 0.60  0.15 - 0.17  
1.0 25 0.60  0.17  
HNO3 
0.1 25 0.60  0.17  
0.5 
25 0.62 0.59 0.17 0.16 






1.0 25 0.60  0.17  
H2SO4 
0.1 25 0.60  0.17  
0.5 
25 0.60 0.55 0.17 0.16 
50 0.60  0.15 - 0.17  
70 0.60  0.15 - 0.17  
90 0.60  0.15 - 0.17  
1.0 25 0.60  0.17  
H3PO4 
0.1 25   0.17  
0.5 
25   0.17 0.14 
50   0.17  
70   0.17  
90   0.17  
1.0 25   0.17  
CH3COOH 
 0.5 
25 0.56 0.56 0.17 0.15 
50 1.30  0.17  
70 1.30  0.19  
1.0 25 1.30  0.17  
C6H8O7 
0.1 25 > 0.73  0.17  
0.5 
25 0.73  0.30 0.16 
50 0.67  0.30  
70 0.67  0.30  
90 0.67  0.30  
1.0 25 0.73  0.30 0.16 
H2C2O4 0.5 25 0.74 0.60 0.22 0.17 
*Based on chemical formula, Ca5(PO4)3F; data from slopes of Figures 8.10, and 8A.6-8A.10 (Appendix 8A); NaCl 










The main features in Table 8.9 are listed below:  
(i) In some cases, there are some minor variations from the expected slopes 
of P/Ca = 0.6 and F/Ca = 0.2. 
(ii) The stoichiometric dissolution of calcium and phosphate according to 
Equation 8.15 and 8.16 is evident in most of the strong acids including 
HClO4 at concentrations > 0.5 mol L
-1.  
(iii) In 0.1 mol L-1 HClO4, the higher initial molar ratio of P/Ca = 2 indicates 
the preferential dissolution of phosphate over calcium as evident from 
Figure 8.10b, but the subsequent decrease in P/Ca molar ratio to 0.71 
indicates the beneficial influence of initially dissolved H3PO4 or HF. 
(iv) In most of the cases, F/Ca molar ratio is closer to 0.17 instead of 0.2, which 
indicates that the stoichiometry is not necessarily related to the chemical 
formula of Ca5(PO4)3F, due to various contaminations of FAP.  
(v) In most of the cases, both P/Ca and F/Ca molar ratios are higher than the 
expected values of 0.6 and 0.2, respectively, in the three weak acids 
(CH3COOH, C6H8O7 and H2C2O4), indicating the reprecipitation of 
dissolved calcium in a different solid form on the surface, while the 
dissolved phosphate and fluoride remain in solution. This is also 
responsible for the lower dissolution of calcium from FAP in these acid 
solutions, noted earlier in Figure 8.5a-d. 
(vi) The presence of 0.5 mol L-1 NaCl in 0.5 mol L-1 acid solutions lowers the 
P/Ca and F/Ca molar ratios to values lower than 0.6 and 0.2, respectively, 
indicating the preferential dissolution of calcium over phosphate and 




fluoride, which needs further discussion. The F/Ca molar ratio reaches the 
lowest value in HClO4 and H3PO4 acids which contain NaCl, indicating a 
very high dissolution of calcium, facilitated by acid and chloride. 
These results highlight the importance of comparing the dissolution behavior of 
calcium and REEs in complexing acids with that in perchloric acid. Amongst the added 
acids, HClO4 introduces the ClO4
- ion which is generally considered to be uninvolved in 
complex formation or precipitation reactions with the metal ions used in this study at 
relatively low concentrations (≤ 1 mol L-1).  Therefore, correlations based on the 
comparison of the dissolution results in various acids, as a function of results in perchloric 
acid, should provide useful information on the effect of differences in (i) proton activities 
of acids, or (ii) complexation or (iii) precipitation of cations with anions.  
8.5.2 Comparison of Calcium Dissolution in Complexing Acids and Non-
Complexing Perchloric Acid 
Figure 8.11 shows correlations for the dissolution of calcium in 0.1, 0.5 or 1.0 
mol L-1 strong acid solutions HCl, HNO3 or H2SO4 at different time intervals as a function 
of calcium dissoluiotn in HClO4 solutions, over the total time periods of 0.5 h or 2 h, 
based on the data from Figure 8.5 and figures in Appendix 8A.1. The slopes of the linear 
relationships, listed in Table 8.10, are of three different types: (i) close to unity, (ii) less 
than unity or (iii) greater than unity, depending on the acid (HCl, HNO3 or H2SO4) and 
its concentration (0.1, 0.5 or 1.0 mol L-1). A slope closer to unity in Figure 8.11a and 
Table 8.10, in the case of H2SO4-HClO4, indicates the overall result of two opposing 
effects: (i) the higher proton activity (Figure 8.1) which promotes the dissolution of 
calcium in HClO4 and (ii) the higher association between calcium and sulphate ions 
(Table 8.2), which promotes the dissolution of calcium in H2SO4 as described below. 










(d) 0.5 mol L-1 HCl 
 
                  (e) 0.5 mol L-1 H3PO4 
 
Figure 8.11. Correlation of dissolved calcium in other acids and HClO4; other acids = 
(a) H2SO4, (b) HNO3, (c-d) HCl and (e) H3PO4 at different concentrations over 0-30 min 
except in (d,e) in which one set was over 120 min  at 25 oC (data from Table 8A.1-8A.3 


























0.1 0.6 0.1 1.0 
0.43 
 {CaCl}+ 
0.5 1.3 0.6 0.9 
1.0 1.8 1.5 0.7 
H2SO4 
0.1 0.9 0.1 1.0 
2.23 
{Ca(SO4)}0 
0.5 1.0 0.6 0.9 
1.0 1.2 1.4 0.7 
HNO3 
0.1 0.6   
0.68 
{Ca(NO3)}+ 
0.5 1.1   
1.0 1.6   
HClO4 
0.1  0.1 1 Assume 
negligible 
association 
0.5  0.7 1 
1.0  2.1 1 
a. Data at 25 oC, corrected for liquid junction potentials (Senanayake, 2007 and this work); b. Data from Table 8.2 
 
 The pKa value of HSO4
- ion is 1.92 at 25 oC and hence, the predominant species 
in solutions of H2SO4 are expected to be H
+ and HSO4
- as shown in Figure 8.3d. The 
values of log K for the precipitation of calcium sulphate according to Reaction 8.43 or 
8.43a are larger than that for the dissolution as the ion-pair according to Reaction 8.30 
listed in Table 8.7. This means that the precipitation of CaSO4.2H2O is favorable at 
sufficiently high concentrations of calcium in solution according to Reaction 8.43a. 
However, the correlation slopes are closer to or greater than 1 in Figure 8.11a. This 
indicates that the HSO4
- ions do not have a detrimental effect on calcium dissolution, 
except in the case of 0.1 mol L-1 H2SO4, for which the slope is 0.9 (Figure 8.11a).   
 
Ca2+ + HSO4- = {Ca(SO4)}0 + H+; (Log K = 0.31)    (8.30) 
Ca2+ + HSO4- + 2H2O = CaSO4.2H2O(s) + H+; (Log K = 2.58)  (8.43) 
{Ca(SO4)}0 + 2H2O = CaSO4.2H2O(s); (Log K = 2.27)   (8.43a) 




Moreover, the H+ activity ratio in different acids with respect to HClO4, denoted 
by aH+(HX/HClO4) in Table 8.10, decreases with the increase in concentration from 0.1 
to 1.0 mol L-1. Despite this, the increase in correlation slopes with increasing 
concentrations of HNO3 and HCl in Figure 8.11b and 8.11c clearly indicates the 
beneficial effects of NO3
- and Cl- ions compared to that of ClO4
- ions, because of ion-
association. However, the correlation slopes in Figure 8.11b-c are lower than unity for 
0.1 mol L-1 HNO3 (0.60) and 0.1 mol L
-1 HCl (0.64), indicating that the anion effect is 
less significant at low acid (anion) concentration of 0.1 mol L-1.  
 In contrast, the correlation slopes higher than unity, at acid concentrations higher 
than 0.5 mol L-1 in Figure 8.11a-d, indicate a beneficial effect of the anions in the three 
acids (HCl, HNO3 and H2SO4) compared to that in HClO4 which offers only a weak anion 
effect. This can be related to the higher concentration of the anions from HX close to      
[X-] ≥ 0.5 mol L-1, compared to lower concentrations of protonated phosphate ions. 
Therefore, the dissolution behavior of FAP depends on both proton activity and ion-
association, depending upon the acid type and concentration. The weak acid H3PO4 also 
shows a good correlation in Figure 8.11e for the data over 30 min, but the lower slope of 
0.27 is largely due to the low proton activity of the H3PO4 solution, compared to that of 








8.5.3 Comparison of REE Dissolution in Complexing Acids and Non-complexing 
Perchloric Acid 
The dissolution curves of lanthanum, cerium, praseodymium and neodymium 
from the rotating disc of natural FAP in 0.5 mol L-1 HCl, HNO3, H2SO4 and H3PO4 are 
plotted as a function of the corresponding results in 0.5 mol L-1 HClO4 over 0-120 minutes 
in Figure 8.12 and the slopes obtained are listed in Table 8.11. All four REEs show good 
correlations, with slopes greater than unity, for the three strong acids HCl, HNO3 and 
H2SO4, in Figure 8.12a-c. This enhanced dissolution of REEs indicates the influence of 
the acid anions, as supported by the high values of the association constants (Log β1), 
plotted in Figure 8.9c and listed in Table 8.11. The weak acid H3PO4 also shows a good 
correlation in Figure 8.12d, but the lower slope of 0.2 is largely due to the low proton 
activity of the H3PO4 solution, compared to that of the HClO4 solution, and the 
precipitation of REPO4. Moreover, the solubility studies using RE-carbonates, described 
in Chapter 6, also showed higher solubilities of REEs in HClO4, compared to the 
solubilities in other acids.  
The dissolution of REEs in the other three weak acids is also very low, with poor 
correlations in some cases shown in Figure 8.12e-g, but a descending order of dissolution: 
H3PO4 > H2C2O4 > C6H8O7 > CH3COOH is evident. Figure 8.13a-d show the results for 
REE dissolution in weak acids, over a shorter time of 0-30 minutes. The results do not 
show a significant difference in the dissolution behavior of the four REEs in the four 
acids, except for the same descending order of the slopes: H3PO4 > H2C2O4 > C6H8O7 > 
CH3COOH. The decreasing slope of each curve in Figure 8.13a-d for the dissolution of 
REEs, in weak acids, compared to those in Figure 8.12a-c for strong acids, indicates a 
detrimental effect of the anions of weak acids, compared to the perchlorate ion. This is 
caused by the precipitation of insoluble salts on the disc surface. The precipitated solid is 




likely to be RE-phosphate, citrate or oxalate for which the log K values are reported in 
Table 8.11. The negative values of Log K for the precipitation of citrate in Table 8.11 
indicate the unfeasibility of such precipitation. Further analysis, based on the parabolic 
rate law, will shed more light on this behavior.  
  

















                                     (g) CH3COOH 
 
 
Figure 8.12. Dissolution correlations of REEs in strong or weak acids and HClO4; (a) 
HCl, (b) HNO3, (c) H2SO4, (d) H3PO4, (e) H2C2O4, (f) C6H8O7 and (g) CH3COOH in 
dissolution period of (0-120) min at 25 oC (acid concentration = 0.5 mol L-1) 
 
 












Figure 8.13. Dissolution correlations of REEs in weak acids and HClO4; (a) H3PO4, (b) 
H2C2O4, (c) C6H8O7 and (d) CH3COOH in dissolution period of (0-30) min at 25 
oC (acid 
concentration = 0.5 mol L-1) 
 
Table 8.11. Correlations of dissolved REEs in NaCl free acids 
Acid type 
(HX) 
Log β1 or Log K  
for ion association between REEs with 





(Dissolved REEs in 0.5 
mol L-1 HX)/(dissolved 
REEs in 0.5 mol L-1 
HClO4) 
Anion 





Log K (for 
precipitation of 
solids  
from Table 8.8) 
La Ce Pr Nd 
HCl Cl- 0.29-0.48  - 0 - 120 1.33 1.33 1.33 1.33 
HNO3 NO3- 0.58-0.79 - 0 - 120 1.63 1.63 1.63 1.63 
H2SO4  SO42- 3.54-3.62 - 0 - 120 1.54 1.54 1.54 1.54 
H3PO4 
 H2PO4- 1.79-2.50 4.1 to 4.8 
    for REPO4(s) 
0 - 120 0.21 0.20 0.20 0.20 
HPO42- 4.11-5.18 
CH3COOH  CH3COO- 1.80-2.10 - 0 - 120 - - - - 
H2C2O4 
 HC2O4-  2.02 12.6-14.3 
for RE2(C2O4)3(s) 




-3.69 to -1.31a 
for RE(C6H5O7)(s) 
0 - 120 - - - - C6H6O72- 3.80 
C6H5O73- 9.11-9.14 
Data from slopes of Figure 8.12 and 8.13; temperature = 25 oC. a. The negative values represent the reaction:  
RE3+ + C6H8O7 = RE(C6H5O7)(s) + 3H+, which seem precipitation unfeasible 
 
 




8.6 Dissolution Correlations in Acid Solutions Containing Sodium Chloride 
8.6.1 General Role of Sodium Chloride in Different Acids 
The addition of sodium chloride to the acid solutions can affect the dissolution of 
FAP and embedded REEs in several direct or indirect ways: (i) chloride ions may interact 
with calcium or REEs and facilitate dissolution, depending on the relative stability of the 
calcium and REE complexes, shown in Figure 8.9a-c; (ii) sodium ions may interact with 
anions originated from FAP and affect the dissolution, depending on the relative stability 
of the associated Na+- anion species, shown in Figure 8.9b; (iii) sodium ions may interact 
with anions from the acid to enhance proton activity and facilitate dissolution; (iv) sodium 
ions may facilitate the precipitation of double salts, NaRE(SO4)2, as shown in Table 8.5 
and may retard the  dissolution of REEs. Based on the Log K values in Table 8.7 and 8.8, 
other solids which are likely to be precipitated are: (i) fluoride, sulphate and oxalate of 
calcium; (ii) phosphates, double salts and oxalates of REEs.  
8.6.2 Dissolution of Calcium and Phosphate in Strong and Weak Acids 
Lines (a), (b) and (c) in Figure 8.14 show linear correlations of dissolved calcium, 
measured at different time intervals in 0.5 mol L-1 HX acid (where HX = HCl, HNO3 or 
H2SO4), as a function of corresponding data for calcium in 0.5 mol L
-1 HClO4, in the 
presence of 0.5 mol L-1 NaCl. The slopes of lines (b) and (c) are close to 1, indicating that 
the dissolution of calcium in HCl and HNO3 in the presence of NaCl is similar to that in 
HClO4 in the presence of NaCl. This suggests that the dissolution process of Ca
2+ ions 
from FAP in HClO4 in the presence of NaCl, takes place in the form of {CaCl}
+, due to 
high chloride ion concentration. Despite the higher stability of the ion-pairs of Ca2+ with 
protonated phosphate ions in Figure 8.9a, the formation of such ion-pairs is unfeasible. 




This is evident from low values of Log K in Table 8.7 for Reaction 8.32 and 8.38 in 
strongly acidic solutions in which H3PO4 predominates.  
Ca2+ + H3PO4 = {Ca(H2PO4)}+ + H+; (Log K = -0.71)    (8.32) 
Ca2+ + H3PO4  = {Ca(HPO4)}0 + 2H+; (Log K = -6.75)   (8.38) 
 A lower slope, close to 0.3 in line (a) for 0.5 mol L-1 H2SO4, shows the detrimental 
effect of Na+ on the dissolution of calcium from FAP in H2SO4 solution, compared to that 
in HClO4 solution, where the slope for 0.5 mol L
-1 H2SO4 is close to unity in the absence 
of NaCl as shown in Figure 8.11a. This may be related to the influence of 0.5 mol L-1 
NaCl on calcium-sulphate-phosphate-fluoride equilibria which need to be addressed in 




Figure 8.14. Variation of dissolved calcium in 0.5 mol L-1 HX or HX+NaCl (HX = HCl, 
HNO3 or H2SO4), as a function of corresponding data for calcium in 0.5 mol L
-1 HClO4 
(trend lines (a) = H2SO4+NaCl vs. HClO4+NaCl, (b) = HCl+NaCl vs. HClO4+NaCl, (c) 
= HNO3+NaCl vs. HClO4+NaCl and (d) = HCl vs. HClO4) (data from Table 8A.3 in 
Appendix 8A) 




Table 8.12 lists the slopes of correlations in Appendix 8A (Figure 8A.11) for 
calcium and phosphate dissolutions. The similar values for calcium and phosphate, in 
Table 8.12, indicate the simultaneous dissolution of both calcium and phosphate from the 
FAP surface, as predicted in Reaction 8.15-8.16a-b, but the dissolved species of calcium 
can exist as various ion-pairs with anions from the acids, depending on the relative 
stabilities as shown in Figure 8.9a. 
 
Table 8.12. Correlations slopes of dissolved calcium and phosphate in NaCl containing 
acids and NaCl free acids 
Acid type 
(HX) 
Molar ratios of elements dissolved in 
(HX+NaCl)/(HX) 
Ca P 
HClO4 1.27 1.29 
HNO3 0.98 0.92 
HCl 1.04 0.99 
H2SO4 0.28 0.25 
H3PO4 0.88 - 
 CH3COOH 1.39 1.41 
C6H8O7 1.39 1.18 
H2C2O4 1.14 1.0 
Data from slopes of Figure 8A.11 (Appendix 8A); temperature = 25 oC ; acid or NaCl concentration = 0.5 mol L-1 
 
The lower dissolution of calcium in the four weak acids, H3PO4, H2C2O4, C6H8O7 
and CH3COOH, compared to that in HClO4, shown by very low slopes in Figure 8.15, is 
a result of the low proton activity of these weak acids as described in Section 8.2, which 
generally corresponds to high pKa. The presence of Na
+ ions causes a further detrimental 
effect in H3PO4 (Figure 8.15a) as it did in H2SO4, as discussed earlier. In contrast, Figure 
8.15b shows a beneficial effect of Na+ ions in the latter part of the dissolution period in 
the case of H2C2O4. The association of the type of {Na(C2O4)}
- (100.88) is likely to cause 
a delay in calcium oxalate precipitation (see Table 8.5 for log K). A detailed analysis of 
the kinetics, described later, will shed more light on the reaction mechanism and 
rationalize these effects. 
 




(a) Ca: H3PO4 or H3PO4+NaCl 
 
(b) Ca: H2C2O4 or H2C2O4+NaCl 
 
(c) Ca: CH3COOH or CH3COOH+NaCl 
 
(d) Ca: C6H8O7 or C6H8O7+NaCl 
 
Figure 8.15. Variation of dissolved calcium in weak acids or weak acids+NaCl; weak 
acids = (a) H3PO4, (b) H2C2O4, (c) CH3COOH and (d) C6H8O7, as a function of 
corresponding data for calcium in HClO4 at 25 
oC  





8.6.3 Dissolution of REEs in Strong and Weak Acids 
The extents of dissolution of the four REEs: lanthanum, cerium, praseodymium 
and neodymium, from the rotating disc of natural FAP in the presence of 0.5 mol L-1 
NaCl in 0.5 mol L-1 acid (HCl, HClO4, HNO3, H2SO4, H3PO4 or CH3COOH) are plotted 
as a function of the dissolution results in NaCl free solutions of the corresponding acids 
in Figure 8.16. The correlation slopes of Figure 8.16 are listed in Table 8.13. The slopes 
vary in the descending order for strong acids: HClO4 (1.07) > HCl (0.99) > HNO3 (0.78) 
> H2SO4 (0.25).  
















Figure 8.16. Correlation of dissolved REEs in acids and acids+NaCl at 25 oC; (a) HCl, 
(b) HClO4, (c) HNO3 (d) H2SO4, (e) H3PO4 and (f) CH3COOH  
(acid concentration or NaCl concentration = 0.5 mol L-1; data from Tables 8A.5-8A.6 in 
Appendix 8A) 
 




Slopes close to unity in Figure 8.16a indicate that NaCl does not interfere with the 
dissolution of REEs from FAP in HCl solutions. In Figure 8.16b, a slightly higher slope 
of 1.1 for the case of HClO4 indicates a beneficial effect, due to the complexation of REE 
cations with chloride ions. The opposite is observed in HNO3, as shown in Figure 8.16c, 
where the dissolution is higher, but the slope is lower, compared to the observed behavior 
in HClO4, indicating the relative effects (or the net effect) of the proton activities (a(HClO4) 
> a(HNO3)) and the competition of nitrate and protonated phosphate ions to associate with 
Na+ and RE3+, where for both types of cation complexes with H2PO4
- are more stable than 
those with NO3
- (Figure 8.9).   
Amongst the two weak acids, phosphoric and acetic (Figure 8.16e-f), the 
dissolution is higher in phosphoric acid compared to that in acetic acid, due to higher 
proton activity of the former. However, the slope is lower in phosphoric acid (0.74) than 
in acetic acid (1.21), again showing the net effect of different factors.  In comparison, the 
very low slope of 0.25 in Figure 8.16d clearly indicates the detrimental effect of sodium 
ions due to the precipitation of the double salt NaRE(SO4)2 (Table 8.5).   
The correlations of the four REEs in 0.5 mol L-1 HCl, HNO3, H2SO4, H3PO4 and 
H2C2O4 as a function of the corresponding data for REEs in 0.5 mol L
-1 HClO4, in the 
absence or presence of 0.5 mol L-1 NaCl, are shown in Figure 8.17. The beneficial effect 
of the anions in HCl, HNO3 and H2SO4 on the dissolution of REEs, compared to the 
absence of the anion effect in HClO4, is evident in NaCl free acids shown in Figure 8.17.  
The correlation slopes are higher than unity, which is consistent with the dissolution 
correlations observed for calcium in Figure 8.14.  
The stability constants for the ion-association between the anions of the three 
strong acids and dissolved RE3+ ions follow a descending order: {RE(SO4)}
+ (β1 = 10
3.62-
3.64) > {RE(NO3)}
2+ (β1 = 10
0.58-0.79) > {RECl}2+ (β1 = 10
0.29-0.32) (Table 8.2 and Figure 
8.9). The formation of {RECl}2+, which enhances the dissolution of REEs in HClO4, and 




the detrimental effect of Na+ ions, as discussed with the dissolution of calcium in H2SO4 
in the presence of NaCl are evident from the slopes observed for strong acids in Figure 
8.17. The slopes in the absence and in the presence of NaCl, respectively, for each of 
these acids are as follows: 
1.3 and 1.2 for HCl; 1.6 and 1.2 for HNO3; 1.5 and 0.4 for H2SO4. 
The delay in the precipitation of RE-oxalates (Table 8.5) due to the formation of 
sodium oxalate complexes and the detrimental effect of Na+ ions in H3PO4, based on the 
slopes of Figure 8.17d,e, are consistent with those described in the previous section for 
the dissolution correlations of calcium.   
 
Table 8.13. Correlations of dissolved REEs in acids and acids+NaCl 
Acid type 
Molar ratios 
(Dissolved REE in 0.5 mol L-1 NaCl+ 0.5 mol L-1 acid)/(dissolved REE in 0.5 mol L-1 acid) 
REE = La REE = Ce REE = Pr REE = Nd 
HClO4 1.07 1.07 1.07 1.07 
HNO3 0.78 0.78 0.78 0.78 
HCl 0.99 0.99 0.99 0.99 
H2SO4 0.25 0.25 0.25 0.25 
H3PO4 0.74 ~ 0.74 ~ 0.74 ~ 0.74 
CH3COOH 1.21 1.21   
Data from slopes of Figure 8.16; temperature = 25 oC 




(a) REEs: HCl or HCl+NaCl 
 
(b) REEs: HNO3 or HNO3+NaCl 
 
(c) REEs: H2SO4 or H2SO4+NaCl 
 
(d) REEs: H3PO4 or H3PO4+NaCl 
 
                    (e) REEs: H2C2O4 or H2C2O4+NaCl 
 
 
Figure 8.17. Variation of dissolved REEs in acids or acids+NaCl; acids = (a) HCl, (b) 
HNO3, (c) H2SO4, (d) H3PO4 and (e) H2C2O4, as a function of corresponding data for 
REEs in HClO4 at 25 
oC (acid concentrations or NaCl concentration = 0.5 mol L-1; data 










8.6.4 Comparison of Anion Effects 
The dissolution of calcium from FAP in a solution of acid HX in the presence of 
NaCl is affected by the concentration of H+, Na+, Cl- and X-. The change of NaCl 
concentration from 0 to 0.5 mol L-1 in 0.5 mol L-1 acids and acid concentration from 0.1 
to 1.0 mol L-1 in the absence of NaCl provide a good comparison of the factors affecting 
the dissolution of calcium from FAP. Table 8.14 lists a summary of the correlation slopes 
corresponding to the linear plots for calcium dissolution in HX+NaCl, plotted against the 
results in HClO4+NaCl at the three different acid concentrations of 0.1, 0.5 and 1.0 mol 
L-1 over 30 or 120 min at 0 to 0.5 mol L-1 NaCl.  
The results plotted in Figure 8.18 shows that the correlation slopes for calcium 
dissolution in 0.5 mol L-1 HX at 0 mol L-1 NaCl follow the descending order: HCl > HNO3 
> H2SO4 > H3PO4 > H2C2O4. Moreover, the correlation slope generally increases with the 
increase in acid concentration from 0.1 to 1.0 mol L-1 in HX/HClO4 system (Figure 8.18). 
As noted previously, these highlight the effect of the anion X- which can form the 
complex species (or ion-pair) {CaX}+, compared to the ClO4
- which offers only a weak 
complex formation.  For example, Sun et al., (2013) showed evidences for the formation 
of the contact ion-pair {Ca(ClO4)}
+ based on two dimensional infrared spectroscopy 
(2DIR), but the Log K value of {Ca(ClO4)}


















Table 8.14. Molar ratio correlations of dissolved elements in different acids 
Acid 
(HX) 
Conc. of HX  
 (mol L-1) 
 
Molar ratios of elements dissolved in  























































































































HCl 0.1 0.64           
HCl 0.5 1.34 1.29 1.07 1.33 1.23 1.33 1.23 1.33 1.23 1.33 1.23 
HCl 1.0 1.80             
HNO3 0.1 0.60           
HNO3 0.5 1.07 1.37 1.07 1.63 1.20 1.63 1.20 1.63 1.20 1.63 1.20 
HNO3 1.0 1.59            
H2SO4 0.1 0.90            
H2SO4 0.5 1.04 1.33 0.29 1.54 0.36 1.54 0.36 1.54 0.36 1.54 0.36 
H2SO4 1.0 1.15           
H3PO4 0.5 0.27  0.18 0.21  0.20  0.20  0.20  
H2C2O4 0.5 0.26  0.21 0.21 0.21 0.19 0.21  0.19  0.19 
Data from slopes of Figures 8.11, 8.12, 8.13, 8.14, 8.15 and 8.17; temperature = 25 oC  
“Acid only” and “acid+NaCl” indicate that molar ratios of dissolved elements are related to “HX/HClO4” and 




Figure 8.18. Comparison of correlation slopes of calcium in HX/HClO4 systems at 25 
oC; 








Figure 8.19a shows the comparison of correlation slopes of the results from 0.5 
mol L-1 acids, whilst Figure 8.19b shows the Log K values for the formation of {NaX} 
and {CaX} ion-pairs from Table 8.6 and 8.7. In Figure 8.19a, a correlation slope close to 
1 indicates that the effect of anion X- is similar to that of ClO4
-. The very lower correlation 




2- as evident from low values of Log K in Figure 8.19b. In 
contrast, the correlation slopes larger than 1 for calcium dissolution in HNO3, HCl and 
H2SO4 in Figure 8.19a appear to be a result of the relatively strong association of anions 





2- in Figure 8.19b.  Although Na+ also forms ion-pairs with 
X- ions, as shown in Figure 8.19b the Log K values of {NaX} are generally lower than 
those of {CaX}, indicating that the dissolution of Ca2+ is largely influenced by 0.5 mol 






Figure 8.19. Comparison of (a) correlation slopes of calcium in 0.5 mol L-1 HX/0.5 mol 
L-1 HClO4 systems and (b) Log K values for the formation of {NaX} and {CaX} ion-
pairs at 25 oC; (data from Table 8.14 for (a) and Tables 8.6 and 8.7 for (b)) 
 
This discussion paves the way for further comparison of the results, listed in Table 
8.12 which considers the correlation slope for the dissolution of calcium in HX compared 
to HX+NaCl (all at 0.5 mol L-1), to examine the effect of having NaCl, as a background 




salt during the dissolution of FAP in HX. There are three different cases to be considered 
based on the correlation slopes plotted in Figure 8.20:  
(i) The correlation slope is slightly higher than 1 in HCl+NaCl (each 0.5 
mol L-1) due to the enhanced total chloride ion concentration of 1 mol 
L-1 compared to 0.5 mol L-1 HCl.   
(ii) The correlation slopes are much larger than unity and descend in the 
order: CH3COOH ~ C6H8O7 > HClO4 > H2C2O4 > HCl, indicating the 
beneficial effect of Cl- ions which facilitate the calcium dissolution as 
{CaCl}+ in these weak acid solutions. Moreover, any association of Na+ 
with the anions from the weak acids will enhance the H+ concentration 
(and activity, as described earlier) which would also facilitate 
dissolution. 
(iii) The correlation slopes are lower than unity and descend in the order: 
HNO3 > H3PO4 > H2SO4, indicating a detrimental effect of                     
0.5 mol L-1 NaCl. This warrants further discussion, in relation to initial 
rates of the FAP disc and particles considered in next section and 
Chapter 9, respectively.   
 
Figure 8.20. Comparison of correlation slopes of calcium in (HX+NaCl)/HX systems at 
25 oC; (HX or NaCl concentration = 0.5 mol L-1; data from Table 8.12) 




8.7 Initial Rates of Dissolution 
The initial rate of dissolution of various species per unit geometric surface area of 
the mineral disc, expressed as RX (mol m
-2 s-1 or mmol m-2 s-1), where X represents 
different species such as Ca, P, F, REE, is generally given by the initial slope of the plot 
of dissolved amount as a function of time.  In strong acids, a linear dissolution can be 
observed in the entire period of dissolution, but in weak acids the linear region is limited 
to a short period.  
8.7.1 Calcium and Phosphate 
Table 8.15 lists some of the literature data of initial dissolution rates of calcium 
per unit surface area of synthetic FAP particles and a rotated natural FAP disc with a 
known surface area in phosphoric acid solutions, reported by Huffman et al. (1957).  The 
two sets of data for synthetic and natural FAP, reported by Huffman et al. (1957), show 
some discrepancies as they were based on both particle and disc dissolution. However, as 
shown in Table 8.15 and Figure 8.21, the measured values in this work with the natural 
FAP disc show a reasonable agreement with the data published by Huffman et al. (1957), 
despite the differences in the area of the discs, used in the two studies noted in Table 8.15.   
Figure 8.22a shows the effect of rotation speed on the dissolution of calcium in 0.5 mol 
L-1 phosphoric acid. Figure 8.22b shows a plot of initial rate as a function of the square 
root of rotation speed, which indicates that the dissolution of FAP in phosphoric acid is 
independent of the rotation speed and hence, the surface reaction is controlled by a 
chemical reaction rather than the diffusion of reagents or products through a product layer 
on the disc surface. 
 
 














Initial dissolution rate of 
calcium (10-5 mol m-2 s-1) 
References 
Ca 




0.008 2.34 458 1217 3.44 
0.024 2.00 458 590 5.26 
0.20 1.39 458 1212 7.24 
0.65 1.00 458 1208 9.62 
Natural  
fluorapatite(b) 
0.008 2.34 458 4.0-7.8 2.05 
0.024 2.00 458 4.0-7.8 3.82 
0.65 1.00 458 4.0-7.8 18.1 
Natural  
fluorapatite(c) 
0.10 1.42 450 0.675 9.20 
This work 0.50 0.85 450 0.675 12.3 
1.0 0.55 450 0.675 16.2 
Results based on (a) particle leaching of synthetic FAP at 25 oC and (b and c) rotating disc dissolution of natural FAP 
at 25 oC 
 
 
Figure 8.21. Initial dissolution rates of calcium from FAP samples in H3PO4 acid at 25 







Figure 8.22. Effect of rotation speed on dissolution of calcium from FAP disc in 0.5 mol 
L-1 H3PO4 at 25 
oC (a) and variation of its initial dissolution rate with square root of 
angular velocity of disc (b) 
 




The calculated initial dissolution rates of calcium and phosphate in different acids 
(0.1-1.0 mol L-1) and in 0.5 mol L-1 acids in the absence or presence of 0.5 mol L-1 NaCl, 
using Figure 8.5, 8.6 and 8.7 and the figures in Appendix 8A are listed in Table   8.16. 
The graphical representations of the initial rates of calcium and phosphate are shown in 
Figure 8.23a-b, and the key points can be listed as follows. 
(i) High concentrations of acid and temperatures are favorable for the initial 
rates of dissolution of both calcium and phosphate in strong and weak acids, 
except for a few cases. 
(ii) A low overall extent of dissolution was observed in the final solutions of 
weak acids, compared to those of strong acids, during the tested time periods 
(Table 8.3). This result is consistent with the observations made on initial rates in 
this section.  
(iii) The initial rate of dissolution of phosphate shows a very high value in 0.1 
mol L-1 HClO4 (10.1 x 10
-4 mol m-2 s-1) compared to that in 0.5 mol L-1 HClO4 
(2.65 x 10-4 mol m-2 s-1) and 1.0 mol L-1 HClO4 (3.17 x 10
-4 mol m-2 s-1).   
(iv) The initial rates of dissolution of calcium and phosphate in 0.1 mol L-1 
strong acids at 25 oC follow a descending order: HClO4 > H2SO4 > HCl > HNO3. 
However, in other solutions, the rates follow a different order: HCl > HNO3 > 
H2SO4 > HClO4. These trends are similar to those observed for the dissolved 
amounts of calcium and phosphate in the final solutions, discussed in previous 
sections, due to the anion effects and linearity of the dissolution patterns in strong 
acids. 
(v) In the case of weak acids, the initial dissolution rates of calcium in H3PO4 
are higher than those in C6H8O7 and CH3COOH for each concentration at 25 
oC. 
Moreover, in solutions of 0.1 mol L-1 acids, they follow a descending order 




(H3PO4 >> C6H8O7 > CH3COOH), but a different order can be observed in 0.5 
mol L-1 and 1.0 mol L-1 acids at 25 oC: H3PO4 > CH3COOH > C6H8O7 (Table 
8.16).  
(vi) The high acid concentrations at 25 oC causes a detrimental effect on the 
initial rates of calcium and phosphate dissolution in C6H8O7, while high 
temperatures show a beneficial effect, like in the case of H3PO4 and CH3COOH.  
(vii) The effect of NaCl on the initial rates of calcium dissolution shows a 
positive impact in HCl, HClO4, H2C2O4 and CH3COOH, a negligible or minor 
negative impact in HNO3 and C6H8O7, and a large negative impact in H2SO4 and 
H3PO4. These effects are slightly different from those on the dissolved amounts 
of calcium in the final solutions, mentioned earlier. Likewise, the effect NaCl on 
the initial dissolution rates of phosphate can be compared using Figure 8.23b. 
8.7.2 Rare Earth Elements 
The calculated initial dissolution rates of REEs in 0.5 mol L-1 acids in the absence 
or presence of 0.5 mol L-1 NaCl are also listed in Table 8.16 and their graphical 
representations are shown in Figure 8.23c-f. The impact on the initial dissolution rates of 
REEs due to added NaCl, can vary depending on the acid used: zero, minor or negative 
impact in HCl, H2C2O4 and C6H8O7; positive impact in HClO4 and CH3COOH; and 
significantly negative impact in HNO3, H2SO4 and H3PO4 (Figure 8.23c-f). However, 
despite the zero, minor or negative impact on the initial dissolution rates of REEs in 
H2C2O4 and C6H8O7, the addition of NaCl is beneficial in prolonged dissolution of REEs 
in all weak organic acids (H2C2O4, C6H8O7 and CH3COOH), based on the dissolution 
results in the final solutions presented in Appendix 8A.  
 









Initial dissolution rates*  
(10-4 mol m-2 s-1)  (10-3 mmol m-2 s-1) 












































































































1.35 1.33 1.70 1.68 0.15 0.14 0.47 0.45 
1.0 25 10.2  6.23          
0.5 50 29.5  17.7          
0.5 70 67.3  41.4          
0.5 90 141  87.7          
HNO3 










1.67 1.30 2.10 1.63 0.18 0.15 0.58 0.48 
1.0 25 9.00  5.32          
0.5 50 22.3  13.5          
0.5 70 49.3  33.8          
0.5 90 -  -          
HClO4 










1.00 1.08 1.28 1.37 0.11 0.12 0.37 0.40 
1.0 25 5.62  3.17          
0.5 50 14.3  8.33          
0.5 70 36.8  22.9          
0.5 90 -  -          
H2SO4 










1.53 0.38 1.97 0.48 0.17 0.04 0.55 0.12 
1.0 25 6.52  3.78          
0.5 50 19.1  10.9          
0.5 70 41.6  24.2          
0.5 90 -  -          
H3PO4 







0.73 0.45 0.82 0.51 0.07 0.04 0.23 0.14 
1.0 25 1.62  -          
0.5 50 5.70  -          
0.5 70 9.83  -          
0.5 90 13.6  -          
CH3COOH 










0.18 0.20 0.20 0.22 0.02 0.02 0.06 0.06 
1.0 25 0.37  -          
0.5 50 0.52  -          
0.5 70 0.67  -          
0.5 90 0.89  -          
C6H8O7 










0.27 0.23 0.29 0.28 0.03 0.02 0.08 0.08 
1.0 25 0.13  0.08          
0.5 50 0.97  0.72          
0.5 70 2.83  2.08          
0.5 90 6.35  4.40          
H2C2O4 0.5 25 1.32 1.52 1.05 1.05 0.27 0.23 0.29 0.29 0.02 0.02 0.08 0.08 
* Calculated using initial linear dissolution ranges of each element in each acid type (Figure 8A.1, 8A.2, 8A.3, 8A.4, 
8A.5, 8.5, 8.6 and 8.7); NaCl concentration = 0.5 mol L-1 
 
 
















Figure 8.23. Effect of NaCl on initial dissolution rates of (a) calcium, (b) phosphate, (c) 
lanthanum, (d) cerium, (e) praseodymium and (f) neodymium (concentrations of acids 









8.8 Parabolic Rate Law 
8.8.1 Comparison of Rate Constants 
The parabolic rate law and its applicability to determine the diffusivity of H+ ions 
through a porous product layer, formed on the surface of a flat FAP disc, have been 
discussed in Chapter 2 (Section 2.13.2d). The parabolic dissolution behavior of calcium 
and/or phosphate could be observed in some solutions of HClO4, H3PO4, CH3COOH and 
C6H8O7 acids, shown in the figures presented in Appendix 8A. The relevant figures are 
reproduced in Figure 8.24. The linear change in dissolved Ca or P (mol m-2) as a function 
of t1/2 in Figure 8.24b,d,f supports the parabolic dissolution model. The parabolic rate 
constants (PRCs), determined from the slopes of these figures, are listed in Table 8A.8 in 
Appendix 8A.  
8.8.2 Effect of Acid Type 
Although the dissolution patterns of both calcium and phosphate in HClO4 are 
expected to be linear, similarly those in other strong acids, they follow parabolic type 
behaviors in a solution of 0.1 mol L-1 HClO4, as shown in Figure 8.24a. The absence of 
an anion capable of forming a relatively stable complex species with calcium ions in 0.1 
mol L-1 HClO4, which has a relatively low proton concentration, suggests the possibility 
of the precipitation of calcium in the form of calcium fluoride and/or calcium hydrogen 
phosphates (Table 8.5) as a product layer which builds up on the disc surface. However, 
the parabolic plots in Figure 8.24b show two different slopes for calcium dissolution 
(higher slope during prolonged dissolution) and a single slope for phosphate dissolution. 
It is likely that the rate of diffusion of calcium through this product layer increases during 
the prolonged dissolution, while that of phosphate remains unchanged. 




 The parabolic rate law plot for the dissolution of calcium in 0.1 mol L-1 H3PO4 at 
25 oC shows a higher slope after the first 10 min of the dissolution period (Figure 8.24d), 
suggesting the gradual removal of the initially formed product layer. The un-dissociated 
H3PO4 (predominant) and H2PO4
- are the available species in this solution, as noted in 
Table 8.1, at the measured pH of 1.42. Moreover, low acidity and proton activity in 0.1 
mol L-1 H3PO4 causes a slow release of calcium from the FAP lattice which may 
precipitate with H2PO4
- ions in the solution as hydrated monocalcium phosphate 
(Ca(H2PO4)2.xH2O) on the disc surface (Brahim et al., 2008).  This may cause the initial 
blockage of the surface reaction in this solution. In contrast, almost linear dissolution 
patterns of calcium can be observed in both 0.5 mol L-1 and 1.0 mol L-1 H3PO4 during the 
entire dissolution time period (Appendix 8A) due to high acidity in these two solutions 
compared to that in 0.1 mol L-1 solution along with a high rate of formation of the complex 
ion {Ca(H2PO4)}
+ which prevents the formation of a surface blocking product layer. The 
precipitation of calcium citrate (pKsp = 17.8 at 25 
oC in Table 8.5) as the product layer 
can be expected in 0.1 mol L-1 C6H8O7 at 25 
oC and relatively close PRCs are obtained 
for the dissolution of both calcium and phosphate ions in this solution (Figure 8.24d).  




















Figure 8.24. Dissolution curves and parabolic plots of calcium and/or phosphate in (a-b) 
0.1 mol L-1 HClO4 at 25 
oC,(c-d) 0.1 mol L-1 H3PO4 and C6H8O7 at 25 
oC and (e-f) 0.5 
mol L-1 CH3COOH at 50 








8.8.3 Effect of Sodium Chloride and Temperature 
The effect of temperature and the presence of 0.5 mol L-1 NaCl on the parabolic 
dissolution behaviour is graphically represented in Figure 8.24 and Appendix 8A and the 
relevant slopes which represent PRCs are listed in Table 8A.7 in Appendix 8A.  Thus, 
one or more of the dissolving ions (calcium, phosphate or REEs) obey the parabolic rate 
law depending on the nature of the acid, its concentration and temperature.  The effect of 
acid type at 0.1 mol L-1 or 0.5 mol L-1 HX, 0.5 mol L-1 (each) HX+NaCl and 0.5 mol L-1 
CH3COOH at the four different temperatures 25-90 
oC are shown in Figure 8.25a-d. The 
increase in temperature has a significant influence on PRC of calcium dissolution in 0.5 
mol L-1 CH3COOH. However, 0.5 mol L
-1 NaCl causes a slight increase or decrease in 









Figure 8.25. Variation of parabolic rate constant of calcium with (a) acid type at 0.1 mol 
L-1, (b) temperature in 0.5 mol L-1 CH3COOH, (c-d) acid type at 0.5 mol L
-1 in the 
presence or absence of 0.5 mol L-1 sodium chloride (data from Table 8A.8 in Appendix 
8A) 




8.9 Proton Diffusion Coefficient 
The diffusion coefficient of H+ ions (DH+) for the diffusion through the product 
layers can be calculated using Equation 8.64, for which the derivation has been discussed 






where, k = parabolic rate constant (mol2 m-4 s-1), [H+] = concentration of H+ in acids (mol 
m-3), DH+ = diffusion coefficient of H+ (m2 s-1),  = density of FAP (3.18 x 106 g m-3), M 
= molar mass of FAP (504.1 g mol-1) by assuming the same density for FAP and the 
product layer, and a = stoichiometric coefficient based on the reaction:                                          
(Ca or P or F) + aH+ = products from Reaction scheme 8.1-8.10. The concentration of H+, 
responsible for the reaction in each acid solution, can be obtained from the measured pH 
values reported earlier.  
As shown in Figure 8.26a for 0.1 mol L-1 HClO4, H3PO4 and C6H8O7, the 
logarithmic plots of k as a function of [H+] give a straight line of slope close to unity, 
indicating the applicability of Equation 8.64. Figure 8.26b includes the same data points 
as well as the data relevant to H2C2O4, H3PO4, C6H8O7 and CH3COOH in solutions at a 
higher concentration of 0.5 mol L-1. All data in Figure 8.26b show linear relationships 
with slopes, close to unity for calcium, phosphate, lanthanum and cerium dissolution from 
the FAP disc. The calculation of diffusivity of H+ ions from the y-intercepts of Figure 
8.26 is presented in Appendix 8A. The calculated values of DH+ for calcium and 
phosphate dissolution at 25 oC from this study, in the range (0.5-1.1) x 10-7 cm2 s-1, are 
listed in Table 8.17 and compared with the literature data in the range (1.2-2.3) x 10-7  
cm2 s-1 for calcium dissolution from FAP in H3PO4 at 25 
oC (Huffman et al., 1957). The 




reasonable agreement of DH+ from this study with the literature data supports the view 
that the protonation of phosphate is controlling the rate of dissolution in cases where there 
is a build-up of a product layer on the disc surface which retards the reaction according 
to the parabolic rate law. Minor beneficial or detrimental effects of NaCl can be related 
to the changes in solution speciation and [H+] caused by NaCl, as described previously. 
Lower diffusivity of H+ (DH+ = (1.5-3.2) x 10
-10 cm2 s-1) based on the PRC of lanthanum 






Figure 8.26. Variation of logarithmic values of parabolic rate constants of (a) calcium in 
0.1 mol L-1 HX and (b) calcium, phosphate, lanthanum and cerium in 0.1-0.5 mol L-1 HX 
with H+ ion concentration based on measured pH values at 25 oC ignoring liquid junction 
potential and assuming unit activity coefficients (aH+ = ɣH+CH+= CH+; ɣH+ =1)  
(Data from Table 8A.8; HX in (a) = HClO4, H3PO4 and C6H8O7 and HX in (b) = H2C2O4 

































(10-7 cm2 s-1) 
DH+ 
(10-10 cm2 s-1) References 
 
Ca P La Ce 
HClO4 0.1 25 0.5    
This work 
H3PO4 0.1-0.5 25     0.5    
C6H8O7 0.1-0.5 25 0.5 1.1 3.2 1.5 
H2C2O4 0.5 25 0.5 1.1 3.2 1.5 
CH3COOH 0.5 25 0.5 1.1 3.2 1.5 
H3PO4(a) 0.4 75 80       
Calmanovici et 
al. (1997) 
H3PO4(b) (0.198-0.673) 25 1.2-2.3       Huffman et al. 
(1957) 
  H3PO4
(a) 0.198 25 62       
Proton diffusion coefficient was calculated using intercepts in Figure 8.26; (a) hydroxyapatite and (b) fluorapatite 
samples; acid concentrations “( )” are in mol kg-1; (458-1180) rpm 
 
8.10 Activation Energy 
The values of activation energy (Ea) for the dissolution of calcium and phosphate 
can be calculated using the Arrhenius equation, described in Chapter 2 (Section 2.13.2), 
based on initial rates. The Arrhenius plots for the dissolution reactions of calcium and 
phosphate in all acid types are illustrated in Appendix 8A (Figure 8A.15) and the 
activation energies, obtained from the slopes, are listed in Table 8.18. The values of Ea 
for the dissolution of calcium and phosphate, are in the range of 40.0-47.0 kJ mol-1 in all 
strong acids, suggesting that the reaction mechanism of releasing both calcium and 
phosphate into the solution by breaking the FAP lattice is largely governed by a 
chemically controlled phenomenon. The higher value of Ea = 50.7 kJ mol
-1 for citric acid 
also indicates a chemically controlled surface reaction. The solubility of calcium citrate 
tetrahydrate in water decreases with increasing temperature from 0 oC to 100 oC while 
that of calcium citrate hexahydrate slightly increases up to ~ 50 oC and then gradually 
decreases as shown in Figure 8A.17 (Appendix 8A). The high Ea value in citric acid is a 




result of a combination of factors including the variations of solubility and other equilibria 
as a function of temperature. 





Activation energy (kJ mol-1) 
Ca P 
HCl 25-90 Initial rates 43.9 44.2 
HNO3 25-70 Initial rates 44.7 46.9 
HClO4 25-70 Initial rates 40.0 40.5 
H2SO4 25-70 Initial rates 42.1 41.4 
C6H8O7 25-90 Initial rates 50.7 50.7 
H3PO4 
25-50 Initial rates 49.1  
50-90 Initial rates 21.4  
CH3COOH 
25-90 Initial rates 12.0  
25-90 PRCs 18.9  
Data from Figure 8A.15 (Appendix 8A); PRCs = parabolic rate constants 
The change in the calculated Ea value from 49.1 kJ mol
-1 at 25-50 oC to 21.4 kJ 
mol-1 at 50-90 oC in H3PO4 indicates a change in the dissolution mechanism of calcium 
from a chemically controlled phenomenon to a diffusion controlled phenomenon at 
elevated temperatures. The Ea values, obtained from initial rates and parabolic rate 
constants in CH3COOH (12.0 kJ mol
-1 and 18.9 kJ mol-1, respectively) in the temperature 
range of 25-90 oC, suggest a diffusion controlled dissolution phenomenon.   
Based on the results discussed so far, it appears that the dissolution reaction is 
chemically controlled in the case of strong acids and citric acid. However, in the case of 
acetic acid, the reaction appears to be diffusion controlled, whereas in phosphoric acid 
the dissolution reaction appears to change from a chemically controlled phenomenon at 
low temperatures to a diffusion controlled phenomenon at higher temperatures. Based on 
Table 8.7, the precipitation of calcium phosphate, calcium hydrogenphosphate and 
calcium citrate have very low values of log K, indicating that they are unlikely to 
precipitate on the disc surface. In contrast, the values of log K for fluoride and oxalate of 
calcium are much larger and one of them is likely to be responsible for the parabolic 
behavior of the dissolution of calcium or phosphate in the relevant acid solutions. The 




involvement of the precipitation of REEs or non-REEs on the parabolic behavior cannot 
be ruled out and warrants further studies. 
8.11 Reaction Orders 
The initial dissolution rate of FAP can be expressed in terms of H+ concentration as 
follows: 
Initial dissolution rate = k[H+]n (8.65) 
log (initial dissolution rate) = nlog[H+] + log k (8.66) 
 
where, k = rate constant and n = order of the reaction with respect to concentration of H+ 
ions. All graphical representations of logarithmic plots of the initial rates of dissolution 
as a function of H+ concentration in strong acids are illustrated in Appendix 8A (Figure 
8A.16). The initial slopes (reaction orders) and intercepts are listed in Table 8.19. The 
very close values of the intercepts for both calcium and phosphate indicate similar rate 
constants for the dissolution reactions of these two species in each acid type (Table 8.19). 
In the case of phosphoric acid, the logarithmic plot of the initial rate as a function of H+ 
concentration (based on measured pH) shows a reasonable agreement of results, based on 
this work and literature data (Huffman et al., 1957; Figure 8.27). For all acids, the reaction 
order with respect to H+ is in the range of 0.4-0.9 (Table 8.19). 
Table 8.19. Reaction orders and rate constants for dissolutions of calcium and phosphate 
Acid type Slopes (reaction orders = n) Intercepts [Log (k / mol(1-n) m(3n-2) s-1)]  
Ca P Ca P 
HCl 0.93 0.93 -2.98 -3.19 
HNO3 0.89 0.93 -3.05 -3.27 
HClO4 0.48  -3.24  
H2SO4 0.63 0.62 -3.20 -3.43 
H3PO4 0.46  -3.46  
Data from Figure 8A.16 (Appendix 8A) and 8.27 (based on the initial rates) 





Figure 8.27. Variation of logarithmic values of initial dissolution rate of calcium as a 
function of hydrogen ion concentration in H3PO4 at 25 
oC from measured pH ignoring 
liquid junction potential and assuming unit activity coefficients (data from Table 8.15) 
 
8.12 Reaction Mechanisms 
Crundwell (2014a) modeled the dissolution mechanisms of minerals of the type 
MaAn composed of a metal cation M
n+ and anion Aa- in both acidic and alkaline solutions. 
The proposed models enabled the prediction of a series of values for the reaction order 
(0.25, 0.5, 1.0 and 1.5) with respect to activity or concentration of H+ or OH- ions in the 
solutions. Moreover, the reaction order of the dissolution of these types of minerals with 
respect to the anion concentration has been found to be 0.5 by considering the effect of 
complex (MX+(n-1)) forming anions (X-) on the rate of dissolution and hence, showing the 
significance of the effect of ion association on the dissolution of minerals. These results 
suggest that the reaction orders of the dissolution reactions of MaAn type minerals in HX 
type acids can be expressed with respect to activity or concentration of H+ as well as X- 
concentration in some cases, due to the formation of MX+(n-1) complex species. 
 Fluorapatite, Ca5(PO4)3F is a mineral composed of one type of metal cation (Ca
2+) 
and two types of anions (PO4
3- and F-) and hence, this is a different type of mineral 
compared to the ones used by Crundwell (2014a). However, the type of acids used for 









-, which are similar to the anions considered by Crundwell (2014a, 
2014b). Although the dissolution mechanisms of minerals, proposed by Crundwell 
(2014a), cannot be directly used for complete understanding of the dissolution 
mechanism of FAP in acids, they provide guidance in the discussion and prediction of 
the mechanism. 
The dissolution of FAP in acidic solutions involves the removal of calcium from 
the disc surface by the action of aqueous species at the outer Helmholtz plane (OHP), 
forming Ca2+ ions in the solution (Reaction 8.67). Likewise, the removal of phosphate 
and fluoride from the disc by the reaction with H+ ions occurs at the outer Helmholtz 
plane (OHP), forming HyPO4
(y-3) and HzF
(z-1) ions, respectively, in the solution (Reaction 
8.68 and 8.69).  
Figure 8.28 illustrates this dissolution process. The outer Helmholtz plane (OHP) 
is considered as the distance of the closest approach of non-adsorbed ions. The Helmholtz 
layer (Crundwell, 2014a) corresponds to region between the disc surface and the OHP. It 
also refers to the charged interface region and hence, a potential difference and the 
activation barrier for the removal of calcium from the disc surface which occurs within 
this region.   





Figure 8.28. Dissolution of calcium, phosphate and fluoride ions from fluorapatite, 
forming Ca2+ and CaX+, HyPO4
y-3 and HzF
z-1, respectively (OHP = Outer Helmholtz 
plane) 
 
Reaction 8.67, 8.68 and 8.69 are assumed to be independent elementary reactions 
and hence, the order of the reaction with respect to the concentration of each reactant is 
considered as the stoichiometric coefficient of it.  Based on Crundwell’s proposal, the 
rates of Reaction 8.67, 8.68 and 8.69 are given by Equation 8.70, 8.71 and 8.72, 
respectively, and these rate expressions are derived on the basis of the dissolution of FAP 
at conditions far from the equilibrium. 
 
∎Ca(sur) +  wH2O =  Ca(aq)
2+ +  ∎(sur)
2−  (8.67) 
∎PO4(sur) +  yH
+ =  HyPO4
y−3
+  ∎(sur)
3+  (8.68) 
∎F(sur) +  zH
+ =  HzF
z−1 +  ∎(sur)
+  (8.69) 




















The symbols and terms, involved in these equations are described below: 
R = gas constant 
T = temperature 
F = Faraday constant 
∆V = 
potential difference between disc surface and 
the outer Helmholtz plane (OHP) 
∎A(sur) = species (A = Ca, PO4 and F) on the disc surface 
∎(sur),
2−    ∎(sur),
3+    ∎(sur),
+    
= amount of charge occupied by the surface due 
to releasing of Ca, PO4 and F, respectively 
kCa2+ , kPO43−  and kF−  = rate constants 
[Ca(sur)], [PO4(sur)]  and [F(sur)] = 
surface concentrations of Ca, PO4 and F, 
respectively 
[H+] = activity or concentration of H+ ions 
w, y, z 
= 
stoichiometric coefficients in the rate-
determining steps in the release of Ca2+, PO4
3- 
and F-, respectively, from the disc surface 
σCa2+ , σPO43−  and σF−  
= transfer coefficients for Ca2+, PO4
3- and F-, 
respectively, 
 
The reaction between FAP and HX is given by Equation 8.73 and, considering 
the stoichiometric dissolution, the relationship of the rates of dissolution of calcium, 
phosphate and fluoride is given by Equation 8.74. 















An equation for the potential difference between disc surface and the outer 
Helmholtz plane, ∆V is given by Equation 8.76, by equating Equation 8.70, 8.71 and 8.72 
at the stage of stoichiometric dissolution (Equation 8.74). The rate expressions for Ca2+ 
(rCa2+) can be expressed as in Equations 8.77 and 8.78 by substituting ∆V from Equation 
8.76 in Equation 8.70, where  
q =  
σCa2+
(σCa2+ +  σPO43−)
 and s =  
σCa2+
(σCa2+ +  σF−)
 
(8.75) 
∆V =  
RT

























] [H+]yq (8.77) 






















Equation 8.77 and 8.78 can be simplified by considering  k and k/ in Equations 
8.77a and 8.78a, so that the resulting rate expression is given by Equation 8.79. If transfer 
coefficients (σCa2+ , σPO43−  and σF−) are close to each other, then q and s become 0.5 
according to Equation 8.75. Then rCa2+ can be given by Equation 8.80. Likewise, rPO43− 
and rF− can be expressed using the relationship in Equation 8.74.  
rCa2+ =    k[H
+]yq = k/[H+]zs (8.79) 
rCa2+ = k[H
+]0.5y = k/[H+]0.5z (8.80) 




The values of  y = z = 1 (Equation 8.80) suggest the involvement of one H+ ion to 
release each phosphate and fluoride ion from FAP in HX acids, as shown in Equations 
8.81 and 8.82.  
∎PO4(sur) + H
+ =  HPO4
2− +  ∎(sur)
3+  (8.81) 
∎F(sur) +  H
+ =  HF0 +  ∎(sur)
+  (8.82) 
The release of Ca2+ from the disc surface by complexing with X- ions, is illustrated by 
Figure 8.28 and Equation 8.83. The rate of this reaction is given by Equation 8.84. A new 
expression for  ∆V is given in Equation 8.85 derived from Equation 8.71, 8.72 and 8.84, 
considering the stoichiometric dissolution (Equation 8.74). The rate for Ca2+ dissolution 
(rCa2+) can be expressed as in Equation 8.86 and 8.87 by substituting ∆V from Equation 
8.85 in Equation 8.84 and substituting the fractions of transfer coefficients given by q and 
s as shown in Equation 8.75,  
∎Ca(sur) + X
− +  wH2O =  CaX(aq)
+ +  ∎(sur)
2−  (8.83) 






∆V =  
RT



























] [X−](1−q)[H+]yq (8.86) 





] [X−](1−s)[H+]zs (8.87) 
Then, the rate expression for rCa2+ (Equation 8.86 and 8.87) can be further 
simplified as in Equation 8.88 by substituting k and k/  in Equation 8.77a and 8.78a and 
rPO43− can be given by Equation 8.89 using the relationship in Equation 8.74. 
 




rCa2+ =    k[X
−]0.5[H+]0.5y = k/[X−]0.5[H+]0.5z (8.88) 








The investigation of the applicability of the above proposed dissolution 
mechanism is limited to the acid solutions in which the stoichiometric dissolution of FAP 
occurs.  The stoichiometric dissolution of calcium, phosphate and fluoride is evident in 
HCl, HClO4, HNO3 and H2SO4 from the dissolution correlations (Table 8.9).  
The reaction order, obtained in HClO4 (0.48 in Table 8.19), can be considered as 
the order of the dissolution reaction of calcium with respect to H+ concentration, as the 
interference of ClO4
- ion for the complexation with Ca2+ is at a very low level (the contact 
ion-pair formation between Ca2+ and ClO4
- ions has been mentioned by Sun et al. (2013), 
but no Log K values were reported). This value agrees with the proposed order of 0.5 
from Equation 8.80 for the dissolution reaction of calcium with respect to H+ ion 
concentration for y = z = 1. However, the involvement of X- through stronger ion 
association with Ca2+ results in the total order of the dissolution reaction of calcium being 
1.0 for y = z = 1 (total order of the dissolution reaction of calcium = 0.5(1 + y) or 0.5(1 + 
z); Equation 8.88). The orders, obtained in HCl and HNO3, are 0.93 and 0.89, respectively 
(Table 8.19). Hence, the involvement of both H+ ions and anions (Cl- and NO3
-) can be 
suggested based on the total order calculated from Equation 8.88.  
Moreover, the order of the dissolution reaction of calcium with respect to Cl- and 
NO3
- ion concentrations can be taken as 0.45 and 0.41 by subtracting the order with 
respect to [H+] obtained for HClO4 (0.48) from those obtained for HCl and HNO3 (0.93 
and 0.89), respectively, due to the assumption that non-complexing ClO4
- is not involved 
in the dissolution reaction of calcium in HClO4 as discussed above. These two values, 




0.45 and 0.41 are reasonably close to the order of 0.5 obtained for the dissolution reaction 
of calcium with respect to X-  from the proposed model (Equation 8.88). The stability 
constants of {CaCl}+ and {Ca(NO3)}
+ are listed in Table 8.2. 
The association between Ca2+ and SO4
2- ions forming the stable {Ca(SO4)}
0 
aqueous complex is beneficial, while the precipitation of CaSO4.2H2O and/or 
CaSO4.0.5H2O on the disc surface as a product layer is detrimental on the dissolution of 
both calcium and phosphate in H2SO4. Sulphuric acid can be considered as HX type acid 
(X- = HSO4
-) in this study since the pH values of the H2SO4 solutions are lower than the 
second dissociation constant of H2SO4, pKa2 (pH < 1.92 at 25 
oC). The order of the 
dissolution reaction of calcium in H2SO4 is 0.63 (Table 8.19). Besides the contribution of 
H+ ions to the order as discussed under HClO4, a beneficial effect from calcium sulphate 
complexation on the order can also be suggested from this value. However, the 
contribution of H+ ions alone to the order is highlighted in H3PO4 (n = 0.46; Table 8.19). 
The reaction orders in CH3COOH and C6H8O7 acids cannot be calculated properly 
due to very low and disproportional increments of H+ concentration with acid 
concentration and the formation of product layers as discussed earlier. 
 
8.13 Summary and Conclusion 
Rotating disc studies provide useful information on the dissolution behavior of 
calcium, phosphate, fluoride and RE(III) ions, associated with the FAP lattice, leading 
towards several conclusions regarding the effect of H+ concentration, temperature, ion 
association, product layer formations, the order (n) of dissolution reactions with respect 
to H+ concentration, stoichiometric dissolution and dissolution mechanisms based on the 
activation energy and reaction orders.  




➢ Despite the lower activities of H+ in HCl, H2SO4 and HNO3 compared to 
that of HClO4 at a given concentration, higher dissolution rates of calcium in 
these three acids compared to HClO4 at fairly high acid concentrations are due 
to the influence of Cl-, NO3
- and SO4
2-, caused by ion-association with Ca2+. 
Different proton activities, the stability of {CaX}+ species and precipitation of 
hydrated calcium sulphate salts in H2SO4 lead to a descending order of the initial 
dissolution rates of calcium in acids: HCl > HNO3 > H2SO4.  
➢ The low H+ concentrations in weak acids are responsible for the low 
dissolution rates of calcium in these acids, while the relative rates in H3PO4> 
CH3COOH > C6H8O7 are due to the composite effect of ion-association and 
precipitation. 
➢ Precipitation of insoluble salts on the FAP disc retards the dissolution 
according to the parabolic rate law confirmed by the first order dependence of the 
parabolic rate constants on the measured concentration of H+ in weak acid 
solutions. The calculated diffusivity of H+ from this study is in good agreement 
with the literature data. 
➢ In most of the strong acids, the stoichiometric dissolution of calcium and 
phosphate at a molar ratio of P/Ca = 0.6 can be observed, but with slightly lower 
molar ratios of F/Ca (0.17), compared to the stoichiometric ratio (0.2). Both P/Ca 
and F/Ca molar ratios are higher than those expected from the stoichiometric 
dissolution in weak acids, due to the reprecipitation of dissolved calcium in 
different forms of solids. 
➢ Sodium chloride shows a negligible or minor positive or even negative 
effect on the dissolution of calcium in HCl and HNO3, while it is significantly 
beneficial in HClO4, H2C2O4, C6H8O7 and CH3COOH. However, the addition of 
sodium chloride shows large negative impacts on the dissolution of calcium in 




H2SO4 and H3PO4. This indicates that besides the beneficial effect of chloride in 
terms of calcium chloride ion association, the effect of sodium ion association 
with different anions plays a major role in governing calcium dissolution in 
different acids.  
➢ The above mentioned impacts of NaCl on the dissolution of calcium in 
different acids are also consistent with the dissolution of REEs.  
➢ Based on the activation energies, the dissolution mechanisms of calcium 
and phosphate are mainly controlled by a chemical phenomenon in HCl, HNO3, 
HClO4, H2SO4, H3PO4 (at 25-50 
oC) and C6H8O7, while the dissolution 
mechanisms of calcium in H3PO4 (50-90 
oC) and CH3COOH are controlled by a 
diffusion only phenomenon. 
➢ The experimentally obtained reaction orders in HCl, HNO3, HClO4 and 
H3PO4 for the dissolution reaction of calcium and/or phosphate with respect to H
+ 
concentration show a better agreement with the proposed reactions orders from 
dissolution mechanisms developed for FAP in this chapter. The experimentally 
obtained reaction order in H2SO4 could not be fitted to the above models, due to 
the influence of opposing effects of calcium and sulphate ion associations and 
calcium sulphate precipitations.







9 COMPARATIVE PARTICLE LEACHING 
STUDIES OF FLUORAPATITE AND RARE 
EARTH PHOSPHATE CONCENTRATE 
 
9.1 Introduction  
The dissolution kinetics of calcium, phosphate and fluoride and some RE(III) ions 
associated in the FAP lattice in inorganic and organic acids based on proton activities and 
reactions for ion association and precipitation were discussed in Chapter 8. In addition to 
the above mentioned elements, the FAP samples tested in this thesis contained sodium, 
iron, strontium and silicon, while the phosphate concentrate contained sodium, 
potassium, magnesium, strontium, sulphur, aluminium, iron, silicon, thorium and 
uranium, indicating a more complex mineralogy. The acid pre-leach stage is significantly 
important in the processing of the phosphate concentrate prior to the acid bake process 
for two reasons:  
(i) To selectively leach the FAP fraction and other non-RE impurities to 
minimize their interferences with the downstream processes for the 
recovery of REEs, 
(ii) To enrich the pre-leach residue of the phosphate concentrate with REEs. 
A comparative particle leaching of FAP and phosphate concentrate is useful to 
shed more light on the behaviour of the dissolution of different ions from the suspended 
FAP or concentrate particles in different acids under a range of conditions including the 




acid type and concentration, solids percentage and temperature. This chapter presents a 
comparative study of the leaching efficiencies of calcium, phosphate, fluoride and RE(III) 
ions and major and minor non-REEs from the particles of natural FAP and the phosphate 
concentrate in different acids under comparable leaching conditions and to explain their 
trends based on the findings from the rotating disc study.  
Similarities or differences in leachability of the elements in the two samples of 
fluorapatite (FAP-1, FAP-2) and the rare earth phosphate concentrate (REPC) can be 
expected from the comparison between the elemental assays of the three samples listed 
in Table 9.1. A graphical comparison between the elemental composition of samples (mol 
kg-1) is made in Figure 9.1 for non-RE and RE elements. A summary of minerals in the 
phosphate concentrate and FAP samples identified by XRD scans reported in Chapter 4, 
and the major, minor and trace elements assayed in these feed materials are listed in Table 
9.2 and 9.3. The equilibrium constant for the formation of complex species between the 
metal ions and anions and precipitation of various solids are listed in Appendix 2A for 
comparison.  
The leaching tests were conducted using HCl, HNO3, HClO4, H2SO4 and H3PO4 
(inorganic acids) and HCOOH, CH3COOH, C6H8O7, H2C2O4 and C2H5NO2 (organic 
acids) and conditions listed in Table 9.4. The four acids HCl, HNO3, HClO4 and H2SO4 
are also termed as strong acids and others as weak acids in some sections, as noted in 
Chapter 8. The stoichiometric requirement for the complete dissolution of the starting 
feed material was calculated using the equations described in Appendix 9A.  All the acid 
concentrations used for leaching studies of FAP were higher than the stoichiometric 
requirement (Table 9.4). The different leachabilities of aluminium, iron, thorium, 
uranium and REEs from the phosphate concentrate were also examined based on the 
experimental data for different acids, equilibrium constants and kinetic models. Results 




are presented in this chapter to show the better overall performance of phosphoric acid as 
a pre-leach alternative.  
 
Table 9.1. Elemental compositions of fluorapatite and phosphate concentrate samples 
Element Mass percentages (% w/w) 
FAP-1 FAP-2 Concentrate 
non-REEs Ca 33.8 34.9 27.9 
P 12.6 13.4 10.8 
F* 2.11 2 1.75 
Sr 0.32 0.05 0.23 
Fe 0.22 0.21 2.68 
Na 0.19 0.25 0.17 
K 0.09 0.13 0.58 
Si 0.09 0.22 9.05 
Mg 0.01 0.01 0.54 
Th 0.01 0.03 0.45 
Al <0.01 <0.01 2.46 
S <0.01 0.09 0.07 
As <0.01 <0.01 0.01 
Se <0.01 <0.01 <0.01 
U <0.01 <0.01 0.03 
REEs Ce 0.24 0.52 2.28 
La 0.11 0.37 0.97 
Nd 0.1 0.15 0.73 
Pr 0.03 0.05 0.28 
Y 0.02 0.08 0.06 
Sm 0.02 0.02 0.08 
Gd 0.02 0.02 0.06 
Dy 0.01 0.01 0.02 
Eu <0.01 <0.01 0.03 
Tb <0.01 <0.01 0.01 
Ho <0.01 <0.01 <0.01 
Er <0.01 0.01 0.01 
Tm <0.01 <0.01 <0.01 
Yb <0.01 0.01 <0.01 
Lu <0.01 <0.01 <0.01 












































Na - Na, Si - 
Na, Mg, K, 
Fe, Al  
 




Fe, Sr, Si, 
K, Mg, Th 
 
Ce, La, Nd, 
Y, Pr, Sm, 
Gd, Dy 
Fe, K, S, 
Sr, Mg, Th 
 
Ce, La, Nd, 
Y, Pr, Sm, 
Gd, Dy, Er,  
Yb 
Sr, S, Th, As, 
U 
 
Pr, Y, Sm, Gd, 




Table 9.3. Comparison of elements and minerals in fluorapatite and concentrate sample 
Fluorapatite Concentrate 








(Feet and Pan, 
1995; Huffman et 
al., 1957) 
Identified minerals by  
XRD scans* 
 








(Na, Si, S, K, Fe, Sr, La, 
Ce and Nd) 
 
Trace 
(Al, Mg, As, Se, U, Th, 
Y, Pr, Sm, Eu, Gd, Tb, 




REEs, Ag, Al, 
Fe, Mg, Mn, Na, 





(Ln, Th, Ca, U)(PO4, SiO4) 
 




(Ce, Ln, Y, Th)PO4) 
 
Britholite-La  











(Ca, P, Si, Fe, Al, 
Mg, K, F and Ce)  
 
Minor 





(As, Se, U, Y, Sm, 
Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Yb and Lu) 
 
* XRD patterns in Chapter 4; RE = Ln+Y (Ln = lanthanides) 
Fluorapatite, cheralite and calcium silicate are major minerals and others are minor minerals in concentrate. 








(a) Non-REEs in FAP-1  
 
(b) REEs in FAP-1 
 
(c) Non-REEs in FAP-2 
 
(d) REEs in FAP-2 
 
(e) Non-REEs in concentrate 
 
(f) REEs in concentrate 
 
Figure 9.1. Elemental molar compositions of non-REEs and REEs in (a-b) FAP-1, (c-d) 
FAP-2 and (e-f) concentrate (data from Table 9.1) 
 
  











FAP Phosphate concentrate 
Stoichiometric  
acid conc. 
needed   
(mol L-1) 
Acid conc.  




needed   
(mol L-1) 
Acid conc.  
used   
(mol L-1) 
H3PO4 
60 5   0.81 2.28 
75 5   0.81 2.28 
95 5 0.73 2.28 0.81 2.28 
95 5   0.81 1.72 
95 10   1.71 4.80 
95 15   2.72 7.63 
95 5   0.81 4.55 
95 5 0.73 3.25 0.81 3.25 
HCl 
60 5   1.06 1.30 
75 5   1.06 1.30 
95 5 1.04 1.30 1.06 1.30 
95 5 1.04 3.25 1.06 3.25 
HClO4 
60 5   1.06 1.30 
75 5   1.06 1.30 
95 5 1.04 1.30 1.06 1.30 
95 5 1.04 3.25 1.06 3.25 
HNO3 
60 5   1.06 1.30 
75 5   1.06 1.30 
95 5 1.04 1.30 1.06 1.30 
95 5 1.04 3.25 1.06 3.25 
HCOOH 





Calculation procedure is in Appendix 9A 
 
9.2 General Comparison of Final Leach Results 
9.2.1 Final Leach Results from FAP Particles 
The comparison of elemental assays in Table 9.1 and Figure 9.1 shows that the 
composition of major elements (> 0.1% w/w) in FAP samples decreases in the orders: Ca 
> P > F > Sr > Fe > Na > K > Mg > Th (FAP-1 sample) and Ca > P > F > Na > Fe > K > 
Sr > Th > Mg (FAP-2) with very low composition of the last three elements in both cases 
(< 0.1%). The leaching efficiencies in Table 9.5 at different acid concentrations show 




trends like those described in Chapter 8, where most of these elements including silicon 
reached 100% dissolution after leaching FAP particles in strong acids and in phosphoric 
acid at higher concentrations over a period of 0.5 h. This is further exemplified by the 
linear correlation of leaching efficiency of phosphate and fluoride as a function of 
leaching efficiency of calcium shown in Figure 9.2. In general, the leaching efficiency of 
phosphate and fluoride show a linear correlation with a slope close to unity in most cases 
(Figure 9.2) and the outliers are marked separately and described below. 
The precipitation of gypsum, as noted in Chapter 8, lowered the leaching 
efficiency of calcium in sulphuric acid to 21%, even after 4 h, compared to 100% 
dissolution of phosphate (Table 9.5). Although the leaching efficiency of calcium 
remained in the range 20-25%, the phosphate leaching increased from 75% to 100% over 
a period of 0.5 to 4 h (Table 9.5 and the outliers b1 and b2 in Figure 9.2). 
The leaching time in organic acids was extended to 24 h due to slow rates of 
leaching associated with the low H+ concentration. The leaching efficiencies of calcium, 
phosphate and fluoride in citric acid were generally higher, because of the complex 
formation between calcium and citrate, described in Chapter 8. However, in the case of 
oxalic acid, only phosphate and fluoride reached higher (100%) leaching efficiencies 
(Table 9.5), where the low leaching efficiency of calcium is due to the precipitation of 












































Leached percentages (%) 
Ca P F Sr Fe Na Si La Ce Nd 
HCl 
1.30a 0.5 100 100   88.9 39.5 100 100 12.6 11.8 12.7 
3.25b 0.5 100 100 100               
HNO3 
1.30a 0.5 100 100   84.2 32 100 100 5.62 4.49 6.71 
3.25b 0.5 100 100 100               
HClO4 
1.30a 0.5 100 100   100 47.1 100 100 65 63.9 64.8 
3.25a 0.5 100 100 92.2               
H2SO4 1.62a 
0.5 24.8 64.7                 
4 20.8 100                 
H3PO4 
2.28b 
0.5 59.1                   
4 75   100               
3.25a 
0.5 100   100 11.7 85.7 83.7   16.8 8.8 9.5 
4 100   100 13.4 100 100   32.7 14.3 16.2 
HCOOH 1.30a 
0.5 3.54 4.36                 
4 3.6 4.51                 
24 5.57 6.62 4.15               
CH3COOH 1.30a 
0.5 1.35 1.66                 
4 1.41 1.66                 
24 2.03 2.11 1.16               
H2C2O4 1.30a 
0.5 0.06 37.6                 
4 0.06 66.2                 
24 0.08 100 100               
C6H8O7 1.30a 
0.5 13.5 16.5                 
4 14.1 16.5                 
24 16.9 21.1 14.5               
C2H5NO2 1.30a 
0.5 0.13 0.12                 
4 0.15 0.12                 
24 0.24 0.23 0.16               
a. data for FAP-1; b. data for FAP-2; temperature = 95 oC; 5% (w/w) solid; agitation = 1100 rpm. 
 
 
Tables of equilibrium constants presented in Appendix 2A (Table 2A.6) show that 
the precipitation of iron(III) phosphate has a very high equilibrium constant (pKsp). Thus, 
the low leaching efficiency of iron in all acids in Table 9.5 suggests the slow leaching 
kinetics, although prolonged leaching in 3.25 mol L-1 H3PO4 facilitates the iron 
dissolution due to the formation of complex species between iron(III) and phosphate ions 
(Table 2A.9; Appendix 2A). However, strontium shows a low leaching efficiency due to 
the precipitation of strontium phosphate (pKSp = 31.0 in Table 2A.6).  
 





Figure 9.2. Correlation of leaching efficiencies of P, F and Ca from FAP samples: (a) 
diamonds: P in other acids, (b) P in sulphuric acid at 1.62 mol L-1 and 0.5 h (b1) and 
4 h (b2); (c) P in oxalic acid at 1.30 mol L-1 and 0.5 h (c1), 4 h (c2) and 24 h (c3); (d) 
F in other acids (circles); (e) F in phosphoric acid; (f) F in perchloric acid; (g) F in 
oxalic acid (data from Table 9.5) 
 
The leaching efficiencies of the three REEs (La, Ce and Nd) after 0.5 h are lower 
in Table 9.5 and follow the order: HClO4 (64-65%) > HCl (11-13%) > HNO3 (4-7%). 
Despite the weakness of phosphoric acid, the leachability of these three REEs after 0.5 h 
is slightly higher (8.5-17%) compared to that in HCl, and increase after 4 h (14-33%). 
These changes may also reflect the complex formation between REEs and phosphate ions, 
which has already been discussed in Chapter 6 in relation to the higher solubilities (Table 








9.2.2 Final Leach Results from Concentrate Particles 
The composition of major elements (> 0.1%, w/w) in the concentrate follows a 
descending order which is different to that of FAP samples described in the previous 
section: Ca > P > Si > Fe > Al > F > K > Mg > Th > Sr > Na > S > U > As, with very low 
compositions of the last three elements (< 0.1%, Table 9.1). Sulphuric acid was not 
considered as a lixiviant for the concentrate due to the low leaching efficiency of only 
21% calcium in the FAP component, as seen in Table 9.5. The general leach results listed 
in Table 9.6 show trends similar or different to the results for FAP described in the 
previous section with relatively high leaching efficiencies of calcium and phosphate. For 
example, Figure 9.3 shows the variation of leaching efficiency of phosphate as a function 
of that of calcium from Table 9.6 and there is a good linear P-Ca correlation of slope 1, 
as in the case of FAP discussed in Figure 9.2. However, there are two types of deviations 
from the linear correlations listed below:  
(i) As noted earlier, the abundance of silicon, iron, aluminium and fluoride in the 
concentrate varies in the order: Si > Fe > Al > F. Despite the high abundance 
of silicon in the concentrate, its leaching efficiency was low even in strong 
acids: HClO4, HCl and HNO3 (2-10%) and in phosphoric acid (1-10%). 
(ii) Actual concentrations of aluminium, iron, silicon and fluoride measured in 
leach liquors produced in strong acids after 4 h, are listed in Appendix 9A 
(Table 9A.1). Unlike in the case of FAP discussed in the previous section 
(Table 9.5), the leaching efficiency of silica and fluoride were lower than 
100% in all cases (Table 9.6).  
(iii) Phosphate, fluoride and silicon leaching efficiencies in oxalic acid show much 
higher values than those of calcium due to the precipitation of calcium oxalate, 
as discussed earlier.  




(iv) Fluoride and silicon show much lower leaching efficiencies than calcium and 
phosphate ions in most acids, including the strong acids.  
 
This behaviour is further exemplified in Figure 9.3b which plots the leaching 
efficiency of silicon and fluoride as a function of that of phosphate ions for all the acids, 
tested in this study and warrant further discussion.  
 
  


















































Leached percentages (%) 






1.3 60 5 4 64.7 70.6 38.2 44.5 5.9 32.5 72.8 30.2 34.6 5.64 46.2 26 
1.3 75 5 4 71.3 73.2 34.7 49.8 6.8 40.8 95.5 41.9 45.1 4.73 60.2 32.3 
1.3 95 5 4 78.2 79.8 35.6 54.3 7.6 51.7 99.9 59.6 60.1 5.02 60.9 23.7 




1.3 60 5 4 93 100 31.8 45.0 6.0 33.0 79.2 33.4 35.7 8.37 53.4 30 
1.3 75 5 4 95.2 98.8 31.6 49.0 6.5 40.2 98.7 45.6 45.5 6.26 66 34 
1.3 95 5 4 90.2 92.1 33.6 53.1 7.2 50.5 100 67 62.1 6.29 66.2 26.6 



























1.3 60 5 4 74.8 80.1 34.1 43.6 5.8 31.0 63.6 29.6 33.4 10.4 38.6 21.6 
1.3 75 5 4 77.3 84.8 34.1 48.7 6.6 39.4 74.2 41.1 44.8 9.32 44.5 24.7 
1.3 95 5 4 90.7 95.3 35.6 49.5 6.9 46.0 77.7 53.1 55.5 6.12 45.4 23.5 







2.28 60 5 4 98.6 - 55.1 55.3   29.0 62.9 30.9 26.9 - 46.4 0.89 
2.28 75 5 4 98.4 - 40.4 52.4   47.5 74.5 62.7 44.5 5.87 36.6 0.3 
2.28 95 5 4 84.8 - 30.2 50.9   53.1 67.9 75.7 54.9 3.06 1.37 1.24 
1.72 95 5 4 78.4 - 30.9 50.6   52.7 63.9 70.9 50.7 7.3 42.1 4 





















4.55 95 5 4 100 - 39 62.0   73.0 83.6 86.7 69.5 4.44 0.1 0.2 
4.80 95 10 4 99.3 - - 62.4   70.6 75.7 82 64.4 2.23 0.18 0.33 







1.3 95 5 
4 3.66 0.94 2.25 24.0 68.7 17.2 6.77 2.9 7.66 3.92 4.76 0.01 
8 4 0.88 2.44 27.0 93.3 20.4 7.65 3.2 9.13 4.73 5.18 0.01 









1.3 95 5 
4 1.6 0.02 1.12 22.7 25.2 10.1 3.88 1.82 3.01 2.34 6.52 0.06 
8 2.04 0.01 2.06 22.0 28.7 10.1 4.17 3 4.15 2.82 10.8 0.43 








1.3 95 5 
4 25.5 18.6 18.3 32.7 85.9 33.0 28.5 33.5 29.7 7.2 23.6 0.18 
8 26.7 19.1 22.9 32.1 97.2 34.8 26.0 39.6 34.7 6.93 25.1 0.21 








1.3 95 5 
4 0.46 50.9 37.1 43.4 100.0 50.1 25.1 95.5 67.6 12.3 2.57 0.54 
8 0.54 54.5 35.4 50.6 100.0 63.2 29.9 100 83.8 7.82 9.96 0.51 









1.3 95 5 
4 0.82 0 0.27 28.3 56.9 7.65 1.98 0.26 0.04 0.64 2.07 0 
8 0.91 0 0.3 29.5 75.3 8.31 2.29 0.31 0.05 0.8 2.82 0.01 
24 1.15 0.01 0.38 31.4 100.0 9.09 2.69 0.52 0.1 1.12 5.15 0.13 
Rotation speed = 1100 rpm; values in parentheses are calculated based on solution and residue assays, but value for P 
in H3PO4 was based on feed and residue assays, because P assays in H3PO4 leach liquors are not reliable due to 
interference of large amount of phosphate ions from H3PO4; all the other calculations were based on solution and 
feed assays (refer Appendix 9A for general equations used in calculations)    
 





               
(b) 
 
Figure 9.3. Variation of leaching efficiencies of (a) fluoride, silicon and phosphate with 
those of calcium and (b) fluoride and silicon with those of phosphate from concentrate 
(data from Table 9.6) 
 
a) Leaching Efficiencies of Fluoride and Silica 
The solubility of fluoride in the leach liquors of strong acids and phosphoric acid 
after 4 h varied in the range 14-27 mmol L-1, compared to the lower concentrations in 
weak organic acids in the range 0.01-1.6 µmol L-1 (Table 9A.2; Appendix 9A). The 
evidence from the XRD analysis indicates the precipitation of CaF2 as a minor solid 
during leaching as discussed under the section of characterization of leach residues 
(Section 9.9.2).  
 
 




Thus, the limited solubility and hence the limited leachability of fluoride from the 
concentrate in the form of HF2
- or other complex species with fluoride ion is likely to be 
a result of the precipitation of CaF2 or other solid fluorides described in next section.  
Actual concentration of silicon in all the acid leach liquors varied in the range 4-
18 mmol L-1 (Tables 9A.1-9A.2 in Appendix 9A).  The measured solubility of amorphous 
silica in water described by the equation: SiO2(s) = SiO2(aq), or SiO2(s) + 2H2O = Si(OH)4(aq) 
varied from 2 mmol L-1 at 25 oC to 7.2 mmol L-1 at 100 oC. This value is within the range 
of 4-18 mmol L-1, mentioned above. The minor variation of solubility in hydrochloric 
acid and sodium chloride solutions have been rationalised based on Pitzer model which 
considered the interaction of H4SiO4 with Na
+, H+ and Cl- (Moller et al., 2007; 
Senanayake et al., 2014b). Thus, the low leaching of silica shown in Figure 9.3b also 
appears to be controlled by the saturated solubility of silica, with minor variations caused 
by various ionic interactions. 
However, in the case of strong acids (HClO4, HCl, HNO3), the dissolution of 
calcium and phosphate was facilitated by the increase in temperature and acid 
concentration, and yielded 100% leaching efficiencies in some cases. Although, 
phosphoric acid is considered as a weak acid of low proton activity, it behaved as a strong 
acid and followed the same trend, leaching nearly 100% calcium, due to the formation of 
complex species between calcium and phosphate ions, described earlier.  
b) Leaching Efficiencies of Aluminium and Iron 
In the case of the three strong acids HClO4, HCl and HNO3, the leaching 
efficiencies of iron (30-84%), aluminium (33-76%) and fluoride (29-35%) from the 
concentrate were generally comparable in some cases (Table 9.6), but lower than the 
100% leaching efficiency of calcium and fluoride from FAP (Table 9.5). Likewise, in 
H3PO4 the leaching efficiencies of the same elements were lower than 100%: iron          




(31-87%), aluminium (27-70%), fluoride (30-55%). This suggests the precipitation of 
solids containing Fe-Al-F and/or non-leachability of some minerals which need further 
discussion based on correlation of leaching results of various elements. 
Figure 9.4 shows the correlation of leaching efficiencies of aluminium, silicon and 
fluoride against iron. The Al-Fe correlation is linear with a slope close to unity indicating 
the coexistence of these elements in the same mineral and hence co-leaching. It is of 
interest to note that F-Fe correlation follows the same linear relationship with a slope of 
1 at relatively low leaching efficiencies of iron (<10%). However, at higher leaching 
efficiencies of iron, the leaching efficiency of fluoride becomes less than that of 
aluminium. Moreover, the leaching efficiency of aluminium in phosphoric acid is lower 
than that in other acids indicating the detrimental effect of high concentration of 
phosphate ions leading to precipitation.  
The reported value of the equilibrium constant for the precipitation of FePO4(s) 
(pKSP = 21.9) is larger than that of AlPO4(s) (pKSP = 18.2-20.0) as shown in Appendix 2A 
(Table 2A.6). This suggests that the precipitation of FePO4(s) is more favourable than that 
of AlPO4(s) which in turn suggests that the leaching of aluminium is more favourable.  
This explains the lower concentrations of iron compared to aluminium in leach liquors 
(Table 9A.1 in Appendix 9A). However, the molar concentration ratio of Al/Fe is lower 
in the leach liquors produced using phosphoric acid (Table 9A.1 in Appendix 9A) 
compared to that in other acids indicating that the leaching of aluminium is unfavourable 
in phosphoric acid as seen in the two different correlation lines in Figure 9.4. Previous 
studies by Senanayake et al. (2014a) showed the possibility of precipitating solids of 
molar ratio of Al:F = 1:1 and Ca:P:F = 2:1.3:1 and warrants future studies. 





Figure 9.4. Variation of leaching efficiencies of aluminium, silicon and fluoride with 
those of iron (data from Table 9.6) 
 
Three of the weak acids tested: formic, acetic and glycine show very low 
leachability (<10%) of all the elements considered above, even after 24 h, indicating the 
low proton activity and poor ability of cations to form complexes with anions. However, 
the leaching efficiency of iron was higher in the case of oxalic acid (95-100%) compared 
to that in citric acid (33-60%) as shown in Table 9.6, due to the stronger complex 
formation between iron and oxalate ions. Likewise, the leachability of aluminium (67-
100%), phosphate (51-63%) and fluoride (35-37%) in oxalic acid were higher compared 
to those in citric acid due to net effect of high proton activity in oxalic acid over citric 
acid (Chapter 8) and complex formation of cations with citrate and oxalate ions (Table 
2A.4; Appendix 2A). 
c) Leaching Efficiency of REEs 
The leaching efficiency of REEs was higher in strong acids compared to those in 
weak acids as shown in Table 9.7, which is consistent with the behaviour of REEs in FAP 
samples discussed earlier in Chapter 8. Moreover, the correlation plot of the leaching 
efficiencies of REEs as a function of lanthanum in Figure 9.5 shows the same linear 




relationship as that for FAP, except for the leaching efficiencies of REEs in phosphoric 
acid, indicating that most REEs are associated with the FAP component in the 
concentrate. According to the elemental assays of the concentrate (Chapter 4), the fraction 
of FAP component (~ 46% w/w based on fluoride content) is relatively very high 
compared to the cheralite component (~ 2% w/w). Hence, the leaching efficiencies of 
REEs from FAP component in the concentrate can be similar to those of natural FAP 
showing the same linear relationship as the contribution of cheralite for REE leaching 
efficiency is expected to be low. 
 
Table 9.2 indicates that the presence of silicon as a major element                                   
> 0.1 mol/100 g and iron and aluminium as minor elements in the range                               
0.01-0.1 mol/100 g in the concentrate. Their mineralogical form is likely to be calcium-
aluminium or calcium-iron silicates (Chapter 4) which can exist in the concentrate and 
hence undergo leaching along with FAP. The leaching efficiency of sodium is higher than 
that of potassium in strong acids, but the opposite was observed in weak acids.  Likewise, 
the leaching efficiency of strontium was higher than that of magnesium in strong acids, 
but the opposite was observed in weak acids. Such differences may be due to the 
mineralogical differences of these trace elements, which will not be explored further.    





Figure 9.5. Variation of leaching efficiencies of other REEs with those of lanthanum from 
FAP and concentrate in all acids (data from Tables 9.5 and 9.7); (a) – outlier (FAP 





















Table 9.7. Leaching results of REEs from concentrate in different acids 
Acid  
type 




Solid   
(% w/w) 
Leach time  
(h) 
Leached percentages (%) 
La Ce Pr Nd 
HClO4 
1.30 60 5 4 33.1 43.5 39.8 42.2 
1.30 75 5 4 46.2 58.2 53.5 56.0 
1.30 95 5 4 51.2 61.2 55.8 57.6 
3.25 95 5 4 46.9 50.8 49.4 50.0 
HCl 
1.30 60 5 4 35.3 46.1 42.4 45.3 
1.30 75 5 4 45.8 57.9 53.2 56.0 
1.30 95 5 4 52.3 61.5 57.0 58.6 
3.25 95 5 4 68.5 74.3 72.9 71.8 
HNO3 
1.30 60 5 4 28.5 34.7 34.0 35.7 
1.30 75 5 4 36.4 42.6 41.6 42.9 
1.30 95 5 4 42.1 46.6 45.8 46.4 
3.25 95 5 4 76.8 83.0 82.5 79.7 
H3PO4 
2.28 60 5 4 3.02 2.16 2.20 2.75 
2.28 75 5 4 2.29 1.51 1.64 1.91 
2.28 95 5 4 2.93 2.41 2.60 2.80 
1.72 95 5 4 4.30 4.25 4.40 4.82 
3.25 95 5 4 3.30 2.20 2.30 2.30 
4.55 95 5 4 7.50 5.20 5.80 7.40 
4.80 95 10 4 4.31 3.01 3.33 3.80 
7.63 95 15 4 6.12 4.37 4.82 5.98 
HCOOH 1.30 95 5 
4 1.77 2.26 1.74 2.30 
8 2.12 2.69 2.10 2.77 
24 2.98 3.63 2.86 3.78 
CH3COOH 1.30 95 5 
4 1.46 1.12 1.48 2.05 
8 3.53 2.90 3.43 4.76 
24 5.13 4.82 4.86 7.08 
C6H8O7 1.30 95 5 
4 2.68 2.58 2.61 4.11 
8 2.56 2.24 2.41 3.68 
24 2.80 2.24 2.52 3.82 
H2C2O4 1.30 95 5 
4 0.25 0.12 0.07 0.06 
8 0.26 0.12 0.07 0.05 
24 0.22 0.10 0.06 0.05 
C2H5NO2 1.30 95 5 
4 0.03 0.02 0.04 0.06 
8 0.09 0.09 0.14 0.22 
24 0.62 0.75 0.88 1.29 









9.3 Comparative Initial Leaching Rates and Reaction Orders 
The dissolution kinetics of various ions from the particulate samples of FAP and 
concentrate can be compared in various ways, based on (i) composition of major, minor, 
trace elements and mineralogy described earlier in Table 9.1-9.3, (ii) initial rates, (iii) 
leaching efficiency curves as a function of time, (iv) leaching efficiency correlations and 
(iv) kinetic models, as described below.   
9.3.1 Initial Leaching Rates of Elements from Concentrate 
The initial rates of dissolution of elements based on rotating FAP discs have been 
discussed in Chapter 8, where the molar ratios of P/Ca and F/Ca were useful to check the 
dissolution stoichiometry and to predict the precipitation reactions. The initial rates 
relevant to the concentrate sample are listed in Appendix 9A (Table 9A.3(a-g)). They are 
based on the first data point of leaching efficiency-time curves and therefore, less reliable 
compared to the initial rates based on linear relationships of multiple data from rotating 
disc, described in Chapter 8. Nevertheless, in the cases of common major elements Ca, P 
and F in FAP and concentrate the initial rate ratios of P/Ca and F/Ca can be compared to 
check the stoichiometric dissolution of various elements from the concentrate sample. 
The main points of interest in Appendix 9A (Table 9A.3(a-g)) are summarised below: 
(i) The initial rates of dissolution of calcium and phosphate from the 
concentrate particles in the range 10-7- 10-6 mol m-2 s-1 are lower than those 
from pure FAP disc or particles in the range 10-5-10-3 mol m-2 s-1 due to 
the presence of other minerals which lower the composition of elements 
on the surface.   
 




(ii) Thus, the initial rates of dissolution of calcium from concentrate particles, 
FAP particles and FAP disc follow the general ascending order: 
concentrate particle < FAP particles < FAP disc, as shown in Appendix 
9A.  
(iii) It is of interest to note that the P/Ca molar ratio in the concentrate feed is 
0.50, compared to 0.6 in FAP. Moreover, the molar ratio of (P+Si)/Ca in 
the concentrate is 0.96, indicating the co-existence of other calcium 
minerals (such as silicates) along with phosphate. The molar ratios of 
some other elements in the concentrate feed of interest in this discussion 
are: Al/F = 0.99, Al/Fe = 1.89 and Fe/F = 0.52. 
(iv) As shown in Figure 9.6a, the initial rates of dissolution of calcium and 
phosphate as the two major ions from the concentrate particles, FAP 
particles and FAP disc show a good linear correlation with a slope of P/Ca 
= 0.63. This indicates that the dissolution in all cases follows 
approximately the same stoichiometry as that of FAP, described in 
Chapter 8. However, the initial rate of dissolution of fluoride and silicate 
from the concentrate does not show a good correlation, due to the 
precipitation of CaF2 or amorphous silica as described earlier.  
(v) The molar ratio of Al/Ca in the concentrate is 0.13. Although the 
correlation of the initial rates of dissolution of Al/Ca from the concentrate 
shows a reasonably linear relationship in Figure 9.6a (R2 = 0.8), the slope 
is 0.04 (almost zero) which is lower than 0.13 noted above. In contrast, 
the initial leaching rates of aluminium and iron in strong acids show a 
good linear relationship of slope of Al/Fe = 1.89 in Figure 9.6b. This slope 
is same as the initial molar ratio of Al/Fe = 1.89 in the concentrate itself 
based on the molar assays in Figure 9.1e, indicating the co-existence of 




iron and aluminium in a silicate mineral and their co-leaching in strong 
acids. However, in the case of phosphoric and other weak acids the 
leached Al/Fe molar ratio (slope) decreases to 1.2 in Figure 9.6b, 
indicating the precipitation of phosphate as mentioned earlier. 
(vi) Another important observation in Figure 9.6b is the fact that the initial 
leaching rates of fluoride are generally higher, because of low leaching of 
calcium (and phosphate) in weak acids due to low proton activity which 
discourages the precipitation of CaF2, but the rate decreases with the 
increase of iron or aluminium leaching rates. These results support the 
view that the precipitated solids can contain both aluminium and fluoride, 
as mentioned earlier.   
 








Figure 9.6. Variation of initial rates of (a) phosphate, fluoride, silicon or aluminium as a 
function of initial rates of calcium and (b) aluminium or fluoride as a function of initial 
rates of iron in FAP disc or particle and concentrate particle leaching; data from Appendix 
9A (Table 9A.3(a-g)) 
 
9.3.2 Comparison of Initial Leaching Rates of REEs from FAP and Concentrate 
The initial rates of dissolution of major REEs from the concentrate particles and 
FAP disc can also be compared with the relative ratios expected from the elemental assays 
of the feed (concentrate and FAP). The calculated molar compositions are shown in 
Figure 9.1f and 9.1b for the concentrate and FAP-1, respectively. The slope ratios of 
linear correlations of initial rates in Figure 9.7a for the leaching of concentrate are: Ce/La 
= 2.71, Nd/La = 1.05 and Pr/La = 0.33. Likewise, the slope ratios of linear correlations 




of initial rates in Figure 9.7b for the dissolution of FAP disc are: Ce/La = 1.27, Nd/La = 
0.35, Pr/La = 0.11. The comparison of these ratios from the three different cases is made 
below and denoted by (A)-(E). 
Concentrate: 
(A) Ce/La : Nd/La : Pr/La  =  2.33 : 0.73 : 0.28 (from assays in Figure 9.1f) 
(B) Ce/La : Nd/La : Pr/La  =  2.71 : 1.05 : 0.33 (from initial leaching rates in Figure 9.7a) 
  
 FAP disc: 
(C) Ce/La : Nd/La : Pr/La  =  2.16 : 0.88 : 0.27 (from assays in Figure 9.1b) 
 (D) Ce/La : Nd/La : Pr/La  =  1.27 : 0.35 : 0.11 (from initial leaching rates in Figure 9.7b) 
  =  3.81 : 1.05 : 0.33 (same as above ratio)  
 
 
 FAP particles: 
(E) Ce/La : Nd/La =  2.07 : 0.90 (from initial leaching rates Figure 9.7c) 
 =  2.42 : 1.05 (same as above ratio) 
  
The assayed molar ratios in the concentrate and FAP are comparable as shown by 
(A) and (C). Likewise, the initial rate ratios are also comparable as shown by (B) and (D), 
for Nd/La = 1.05 and Pr/La = 0.33. The only difference is lower Ce/La ratio of 2.71 in 
the concentrate, compared to Ce/La ratio of 3.81 of the FAP disc, which can be expected 
from the complex mineralogy of the concentrate.   
The initial rate ratios of dissolution of Ce/La and Nd/La from Figure 9.7c are 2.07 
and 0.90, respectively, as shown by (E). These values correspond to a ratio of Ce/La : 
Nd/La of 2.42 : 1.05, which is also comparable with the results from the concentrate in 
(A) and (B).  Therefore, the use of results from FAP disc or particles in preliminary 
investigation of the dissolution behaviour of REEs from the concentrate has been 
reasonably successful.   










Figure 9.7. Variation of initial rates of other REEs as a function of initial rates of 
lanthanum in (a) concentrate particle, (b) FAP-disc and (c) FAP-particle leaching studies; 








9.3.3 Reaction Orders 
The initial rates are also useful for the comparison of relative rates and the 
prediction of reaction orders with respect to acid concentration. For example, the 
logarithmic plots of initial rates as a function of H+ concentration in phosphoric acid from 
measured pH at 25 oC ignoring liquid junction potential and assuming unit activity 
coefficients shown in Figure 9.8 reveal linear relationships of slopes close to 0.6 for 
calcium, aluminium and iron.  
 
 
Figure 9.8. Variation of logarithm values of initial rates of non-REEs as a function of 
logarithm values of H+ concentration in phosphoric acid from measured pH ignoring 
liquid junction potential and assuming unit activity coefficients (aH+ = ɣH+CH+= CH+; ɣH+ 
=1); data from Appendix 9A (Table 9A.3(a)) 
 
In the case of weak acids such as glycine, formic, acetic, oxalic and citric acid the 
tests were conducted using 1.3 mol L-1 acid at 95 oC. The acidity available for the leaching 
reaction in these cases differs depending upon the pKa of weak acids. Thus, the measured 
pH at 95 oC was used to calculate log [H+] which in turn was used to determine the 
reaction order using log-log plots between rates and H+ concentration. Figure 9A.1a-d in 




Appendix 9A show good linear relationships, indicating that this method is satisfactory 
to compare the leaching behaviour of FAP or concentrate particles with that of FAP disc. 
Table 9.8 lists and compares the slopes for FAP disc and concentrate particles based on 
initial rates. The main points from Figure 9.8 and Table 9.8 are listed below: 
(i) Reaction orders of 0.43, 0.48 and 0.63 which are significantly lower than 
unity with respect to H+ concentrations were observed for the dissolution 
of calcium from the FAP disc in phosphoric, perchloric and sulphuric acid, 
respectively, because of the weak or high ion associations of calcium ions 
and the precipitation of solids (Chapter 8).   
(ii) Likewise, significantly lower reaction orders of 0.2, 0.2 and 0.3, 
respectively, are evident for the dissolution of silicate, fluoride and uranyl 
ions from concentrate in phosphoric acid as shown in Table 9.8, indicating 
the formation of insoluble solid products of these ions. However, a 
reaction order of 1.0 for fluoride leaching in weak acids indicates direct 
protonation of fluoride. 
(iii) The reaction orders of thorium, lanthanum, cerium and praseodymium are 
2.0, 1.4, 1.5 and 1.6, respectively, as listed in Table 9.8 due to the high 
valency of +3 for lanthanides and +4 for thorium and they are most likely 
existing as phosphates.  
(iv) The reaction orders in the case of other ions such as calcium, aluminium, 
iron, magnesium, sodium and strontium are in the range of 0.5-1.0 and 
they vary depending on the feed material (FAP or concentrate). This 
behaviour is an indication of the involvement of chemical reaction, mass 
transfer, film or pore diffusion controlled nature of leaching which 




warrants further discussion based on leaching kinetics and heterogeneous 
kinetic models discussed later.  
 
Table 9.8. Reaction orders for dissolutions of elements from FAP disc, FAP particles 
and concentrate particles in different acid media 

















































































0.9 0.9 0.9 0.4 0.9 0.9 0.5 0.6 





Si 0.2 0.6 
        
F 0.2 1 
        
Al 0.6 0.7 
        
Fe 0.6 1.1 
        
Mg 0.5 0.3 
        
Na 0.5 
         
Sr 0.6 
         
Th 2.0 
         
U 0.3 
         
La 1.4 
         
Ce 1.5 
         
Pr 1.6 
         
Data from Appendix 9A (Figure 9A.1); A* represents HClO4, HCOOH, CH3COOH and H2C2O4 
 
 
9.4 Comparative Leaching Efficiency of Major Elements 
9.4.1 Major Elements from FAP Particles 
Figure 9.9a-b show the leaching efficiency of calcium from FAP particles in 
strong and weak acids as a function of time. The leaching efficiency of calcium rapidly 
reached 100% even in solutions of low concentrations (1.3 mol L-1) of strong acids. The 
leaching of calcium in phosphoric acid solution was low but reached 100% after 15 
minutes as shown in Figure 9.9a. However, the highest dissolution observed in sulphuric 




acid was around 30%. Much lower leaching efficiencies of 0-15% were observed in other 
weak acids as shown in Figure 9.9b.  
The leaching efficiency of phosphorous (as phosphate) follows a similar trend, in 
Figure 9.9c-d. The phosphate dissolution in sulphuric acid was higher (60%) than that of 
calcium (20%). Moreover, in the case of 1.3 mol L-1 oxalic acid, the leaching efficiency 
reaches 30% in the first 10 min, compared to 50% in 1.6 mol L-1 sulphuric acid and 
continues to increase to 100% after 8 h (Figure 9.9e).  
(a) Ca-FAP (inorganic acids) 
 
(b) Ca-FAP (organic acids) 
 
(c) P-FAP (inorganic acids) 
 
(d) P-FAP (organic acids) 
 
                                              (e) P-FAP (inorganic or organic acids) 
 
Figure 9.9. Variation of leaching efficiency of (a-b) calcium and (c-e) phosphate from 
FAP particles in inorganic acids and organic acids  
(95 oC, 5% (w/w) solid, 1100 rpm; data from Table 9A.4-9A.5 in Appendix 9A)  




Table 9A.3(a) in Appendix 9A lists the initial rates to show that the initial rate 
ratio of P/Ca ~ 0.6 is same as the stoichiometric elemental molar ratio P/Ca of FAP.  The 
stoichiometric leaching of calcium and phosphate in perchloric, nitric and hydrochloric 
acids is also evident from the leach ratio of Ca/P = 1 in Figure 9.10a. However, in the 
case of sulphuric acid, the leach ratio of Ca/P increased initially and then decreased 
(Figure 9.10a) due to the precipitation of calcium sulphate as noted in Chapter 8. In 
contrast, the phosphate leaching in sulphuric acid continued to reach 100% after 4 h, as 
shown in Figure 9.9e. In the case of oxalic acid, the ratio of Ca/P remains very low in 
Figure 9.10b due to the very low solubility of calcium oxalate, compared to that of 
calcium sulphate, as described in Chapter 8. In the case of other weak acids, the Ca/P 
molar ratio remains in the range 0.7-1.3 in Figure 9.10b, despite very low leaching 





described in Table 2A.3 in Appendix 2A. However, low H+ concentration caused by high 
pKa in C2H5NO2 gives rise to extremely low leaching efficiencies of both calcium and 
phosphate  in C2H5NO2 as shown in Figure 9.9b,d (pKa = 2.3 for NH3




+ and pKa = 9.6 for NH3
+CH2COO
- + H2O = NH2CH2COO
- + 
H3O





Figure 9.10. Calcium/phosphate leached ratios from FAP in (a) strong inorganic acids 
and (b) organic acids; data from Appendix 9A (Table 9A.4-9A.5) 




9.4.2 Major Elements from Concentrate Particles 
a) Calcium Leaching 
Figure 9.11a-d show the leaching efficiencies of calcium and the effect of strong 
acids and weak acids in the concentration range 1.3-4.55 mol L-1 at 95 oC.  All the acid 
concentrations used for leaching studies of FAP are higher than the stoichiometrically 
required amount (Table 9.4). 
The main points on leaching efficiencies of calcium are noted below: 
(i) The initial leaching of calcium is rapid in all cases and reaches 100% in 
all acids at 3.25 mol L-1 concentration.  
(ii) The final leaching efficiency of calcium after 4 h at lower acid 
concentrations of 1.30 mol L-1 remains in the range 80-90%, depending 
on the acid type in Figure 9.11a-b, despite having excess acid over the 
stoichiometric requirement. This can be due to co-existence of calcium 
silicate and RE-phosphate minerals identified by XRD scans as shown in 
Table 9.3, which need higher H+ concentration to break the lattice 
completely. 
(iii) Results highlight the importance of considering the effect of strong acids 
on the leaching behaviour of minor non-RE elements described later. 
Moreover, the fact that the leaching efficiency of calcium is 100% in both 
3.25 mol L-1 HCl and 3.25 mol L-1 H3PO4 indicates that H3PO4 is acting 
like a monoprotic acid, similar to HCl.    
(iv) The leaching rates are slow in all weak acids. Whilst citric acid gave the 
highest leaching efficiency of about 25% for calcium after 4 h, others gave 
very low leaching efficiencies of 5% (Figure 9.11c-d). 












Figure 9.11. Effect of acid types and their concentrations on leaching efficiency of 
calcium from concentrate; (a) 1.30-3.25 mol L-1 strong acids, (b) 1.72-4.55 mol L-1 H3PO4 
and (c-d) 1.30 mol L-1 weak organic acids  
(95 oC, 5% (w/w) solid, 1100 rpm; data from Tables 9A.6 and 9A.8 in Appendix 9A) 
 
b) Phosphate Leaching 
The leaching efficiency of phosphate from the concentrate particles in strong acids 
showed a behaviour like that of calcium as noted below: 
(i) After rapid initial leaching the final efficiency reached 100% in 3.25 mol 
L-1 acid and 80-90% in 1.3 mol L-1 acid (Figure 9.12a).  
(ii) In the case of glycine, formic and acetic acids, the leaching efficiency of 
phosphate was much lower (< 2%) (Figure 9.12b).  
(iii) However, in the case of oxalic and citric acids, rapid initial leaching was 
followed by slow leaching to reach leaching efficiencies of 20% and 50%, 
in citric acid and oxalic acid, respectively (Figure 9.12c).  
(iv) These results are consistent with the previous conclusions in Chapter 8 
that after the initial leaching the precipitation of calcium oxalate and 
citrate retard further leaching. 










Figure 9.12. Effect of acid types and their concentrations on leaching efficiency of 
phosphate from concentrate; (a) 1.30-3.25 mol L-1 strong acids and (b-c) 1.30 mol L-1 
weak organic acids  
(95 oC, 5% (w/w) solid, 1100 rpm; data from Table 9A.6 and 9A.8 in Appendix 9A) 
 
c) Fluoride Leaching 
The results for fluoride leaching from the concentrate shown in Figure 9.13 also 
support previous conclusions, as noted in the main points listed below: 
(i) The rapid initial leaching of fluoride is up to 60% depending upon the acid 
type. The initial rapid increase is generally followed by a decrease in leaching 
efficiency, in most cases (Figure 9.13a-c). 
(ii) Although higher concentrations of strong acids show a beneficial effect on 
calcium and phosphate leaching in Figure 9.11a and 9.12a, the opposite is 
observed with fluoride where a higher acid concentration has a detrimental 
effect in HClO4, HCl and HNO3, as shown in Figure 9.13a.  




(iii) However, higher acid concentrations are favourable for aluminium and iron 
leaching, unlike the detrimental effect for fluoride leaching, as described later. 
This observation supports the view that some leached fluoride is partly 
precipitated with aluminium, as noted previously, despite the formation of 
strong complexes of fluoride with iron and aluminium cations.  
(iv) The leaching efficiencies of fluoride in weak acids, shown in Figure 9.13d, 
are higher than those of phosphate (Figure 9.12b). This supports the view that 
lower phosphate ion concentrations in weak acid liquors may benefit the 
selective leaching of fluoride as HF or HF2
-.  
(v) However, citric acid shows an exceptional behaviour where the leaching 
efficiency of fluoride does not undergo a decrease, but instead follows a 
gradual increase to reach 20% after 8 h as shown in Figure 9.13c. This 
behavior is similar to that of phosphate which also reaches 20% (Figure 9.12c) 
and calcium which reaches 28% (Figure 9.11d) during the same period.  
 
Thus, some important features related to fluoride leaching in organic acids are: (i) 
higher leaching efficiency at early stage and a decrease to a constant value during the 
prolong leaching in oxalic acid like in other inorganic acids, (ii) parabolic type leaching 
behavior in citric acid, and (iii) continuous very slow leaching in CH3COOH (Figure 
9.13). 
 












Figure 9.13. Effect of acid types and their concentrations on leaching efficiency of 
fluoride from concentrate; (a) 1.30-3.25 mol L-1 strong acids, (b) 1.72-4.55 mol L-1 H3PO4 
and (c-d) 1.30 mol L-1 weak organic acids  
(95 oC, 5% (w/w) solid, 1100 rpm, data from Table 9A.6 and 9A.8 in Appendix 9A) 
 
9.5 Minor Non-REEs 
9.5.1 Minor Non-REEs from FAP Particles 
The mass percentages of sodium (0.19%), iron (0.22%) and strontium (0.32%) in 
the FAP sample are relatively small compared to that of calcium (33.8%). Whilst the three 
cations Na+, Sr2+ and Fe3+ have different complexing abilities with the anions of the acids, 
they also form salts of different solubility. Figure 9.14a-d show the comparison of 
leaching efficiencies of sodium, iron and strontium in HClO4, HNO3, HCl and H3PO4. 
The main points from Figure 9.14 are listed below: 




(i) The leaching behavior of sodium and strontium is generally similar to 
calcium, as shown in Figure 9.14a-b, where the rapid initial increase in 
leaching efficiency is followed by a plateau. 
(ii) Sodium and strontium show high leaching efficiencies (≥ 80%) in 1.30 
mol L-1 HCl, HClO4 and HNO3 after 10 min, with 100% leaching 
efficiency of sodium after 10-30 min as shown in Figure 9.14a-b.  
(iii) Despite the low proton activity in H3PO4, sodium and iron reach 100% 
leaching efficiency after 120 min and 240 min, respectively, in 3.25 mol 
L-1 H3PO4 (Figure 9.14d and Table 9A.4 in Appendix 9A).  
(iv) Unlike calcium, strontium shows a low leaching efficiency in                   
3.25 mol L-1 H3PO4 as in Figure 9.14d, compared to higher leaching 
efficiencies in other strong acids.  
(v) Likewise, the leaching efficiency of iron is sensitive to the type of acid 
where the leaching efficiency after 10 min follows a descending order 
(Figure 9.14c-d): 3.25 mol L-1 H3PO4 (74%) > 1.30 mol L
-1 HClO4 (45%) 
> 1.30 mol L-1 HCl (28%) > 1.30 mol L-1 HNO3 (26%). These results can 
be used in further discussion based on the actual chemical species in the 
solution and solid phases described below. 
 
 










(d) Na, Fe & Sr-FAP 
 
Figure 9.14. Variation of leaching efficiency of (a) sodium, (b) strontium, (c) iron from 
FAP in 1.30 mol L-1 HCl, HNO3 and HClO4 and (d) all three from FAP in 3.25 mol L
-1 
H3PO4 (95 
oC, 5% (w/w) solid, 1100 rpm, data from Table 9A.4 in Appendix 9A) 
 
Figure 9.15 plots the efficiencies of sodium, strontium and iron leaching from the 
FAP sample in different acid solutions: 1.3 mol L-1 HNO3, HCl or HClO4 or 3.25 mol L
-
1 H3PO4 after a leaching duration of 0.5 h (Table 9.5). Due to slow leaching in phosphoric 
acid solution, a higher concentration of 3.25 mol L-1 and a longer leaching time of 4 h 
were tested, as noted earlier. The main points are listed below: 
(i) Sodium reached 100% leaching efficiency in all cases except in 3.25 mol 
L-1 H3PO4, after 0.5 h, but during extended leaching time of 4 h it also 
reached 100%. This shows the slow kinetics of leaching in H3PO4 due to 
low proton activity, discussed earlier.  
 




(ii) The leaching efficiency of strontium increased in the order: 84% in HNO3, 
89% in HCl and 100% in HClO4, but decreased to 12% in H3PO4, which 
did not increase any further during the prolonged leaching over 4 h, unlike 
in the case of sodium. This is a result of the precipitation of strontium as 
Sr3(PO4)2 with a larger pKSP value of 31, shown in Table 9.9.  
(iii) A different behavior is shown by iron in Figure 9.15b, where the leaching 
efficiency increased in the order: HNO3 < HCl < HClO4 < H3PO4 (0.5 h) 
< H3PO4 (4 h). Iron(III) phosphate has a lower pKSp value of 22 listed in 
Table 9.9, but more importantly the stability constants for the formation 
of {Fe(H2PO4)}
2+ and {Fe(HPO4)}
+ are 1021.8 and 109, respectively, 
compared to 107.6 for FeCl2+ and 101.2 for {Sr(HPO4)}
0. Iron(III) also 
forms strong complexes with fluoride as described in Table 2A.4 in 
Appendix 2A. Thus, despite the low proton activity, the higher leaching 
in H3PO4 is due to the strong association between Fe(III) and phosphate 
and/or fluoride ions (H2PO4
-, HPO4
2- and/or F-) which facilitates leaching. 
It appears that H3PO4 and HF produced in FAP leaching in HClO4 is also 
capable of offering a 40% leaching efficiency of iron, as shown in Figure 
9.15b. 








Figure 9.15. Variation of leaching efficiency of (a) sodium, strontium and (b) iron from 
FAP with acid type and leaching time (data from Table 9.5) 
 
Table 9.9. Equilibrium constants for aqueous and solid species of different metal ions 
Species 
(M = cation, z = 1, 2 or 3) 
Coordination number (n), stability constants (Log βn)a or solubility constants (pKSP)b 
n 
Na+ Sr2+ Fe3+ Ce3+ Nd3+ La3+ Pr3+ 
{M(HPO4)}+(z-2)(aq) 
1 
0.69 1.2 9 4.98 5.18 4.87 5.08 
{M(HPO4)2}+(z-4) (aq)  
2 
   8.34 8.66 8.17 8.50 
{M(H2PO4)}+(z-1) (aq)  
1 
0.09  21.8 1.92 2.05 1.79 1.92 
M3(PO4)2(s) or MPO4(s) 
pKSP 
 (31) (21.9) (26.2) (26.2) (25.7) (26.4) 
{MCl}+(z-1)(aq)  
1 
-0.6 -0.24 7.6 0.31 0.32 0.29 0.32 
{M(NO3)}+(z-1)(aq)  
1 
-0.03 0.06  0.69 0.79 0.58 0.69 
{M(HCOO)}+(z-1)(aq) 
1 
   1.12 1.15 1.10 1.14 
{M(CH3COO)}+(z-1)(aq) 
1 
-0.11 0.43  1.91 2.10 1.80 2.01 
{M(HC2O4)}+(z-1)(aq) 
1 
   2.33 2.33 2.33 2.33 
{M(C2O4)}+(z-2)(aq) 
1 
  7.58 5.04 5.39 4.94 5.32 
{M(C2O4)2}+(z-4)(aq) 
2 
  13.8 9.67 9.64 9.28 9.63 
MC2O4(s) or M2(C2O4)3(s) 
pKSP 
 (7.3)  (29.2) (30.9) (29.3) (30.4) 
{M(C6H7O7)}+(z-1)(aq) 
1 
0.25     2.52  
{M(C6H6O7)}+(z-2)(aq) 
1 
0.60  12.4   3.80  
{M(C6H5O7)}+(z-3)(aq) 
1 
1.35  11.2 9.50 9.94 9.11 9.76 
M(C6H5O7)(s) 
pKSP 
   (10.6-15.6) 
Data from Appendix 2A; a. Listed values are Log βn, b. Values in brackets represent pKSP.   
 




9.5.2 Minor Non-REEs from Concentrate Particles 
a) Aluminium and Iron 
The variation of leaching efficiencies of the two minor non-RE elements 
aluminium and iron of the phosphate concentrate in different acids depicted in Figure 
9.16a-h shows following trends: 
(i) Highest leaching efficiencies of about 70% of aluminium in 3.25 mol L-1 
HClO4, HCl and HNO3 were reached after 4 h as shown in Figure 9.16a, 
but in 3.25 mol L-1 phosphoric acid it was about only 60% (Figure 9.16b).  
(ii) Compared to rapid initial leaching of calcium described previously 
(Figure 9. 11b), aluminium and iron show slow continuous leaching in the 
four phosphoric acid solutions considered in Figure 9.16b (Al) and Figure 
9.16f (Fe). This is also consistent with the slow initial dissolution rates of 
aluminium and iron, compared to calcium, described in Figure 9.8, despite 
the similar reaction order of 1 with respect to H+ concentration in all three 
cases (Table 9.8).  
(iii) Amongst the weak acids, citric acid and oxalic acid resulted higher 
leaching efficiencies of aluminium and iron after 8 h, close to 84% of 
aluminium and 100% of iron in oxalic acid and 35% of aluminium and 
40% of iron in citric acid (Figure 9.16d and 9.16h). These results are 
consistent with the formation of strong complexes of Al(III) and Fe(III) 
ions with citrate and oxalate ions described previously and in Table 9.9. 
However, the leaching efficiencies in other weak acids were less than 
10%, largely due to the low acidity.  




(iv) Slow decrease in leaching efficiency with increasing time is generally 
consistent with the shrinking sphere/core type kinetics which will be 
examined later.  


















Figure 9.16. Effect of acid types and their concentrations on leaching efficiency of (a-d) 
aluminium and (e-h) iron from concentrate  
(95 oC, 5% w/w; data from Table 9A.6 and 9A.8 in Appendix 9A) 




b) Thorium and Uranium 
The leaching efficiencies of two of the other minor non-RE elements thorium and 
uranium in strong and weak acids are shown in Figure 9.17a-h. As expected from the 
higher reaction order of thorium with respect to H+ concentration listed in Table 9.8, the 
initial leaching of thorium in 3.25 mol L-1 acid solutions is rapid; then follows a plateau 
in the descending order: HNO3 (80%) > HCl (50%) > HClO4 (40%). In comparison to 
these variations, the effect of different strong acids (or their anions) at the lower acid 
concentration of 1.3 mol L-1 is much less and the leaching efficiency varies in a narrow 
range of 20±5% (Figure 9.17a). Thus, both thorium and uranium show relatively fast 
initial leaching kinetics in HCl, HNO3 and HClO4, reaching 20-80% during the first 20 
min. Afterwards, they remain relatively unchanged or decrease to significantly low values 
in some cases as shown in Figure 9.17a,e.  
 












 (e) U-REPC 
 
 (f) U-REPC 
 
 (g) U-REPC 
 
 (h) U-REPC 
 
Figure 9.17. Effect of acid types and their concentrations on leaching efficiency of (a-d) 
thorium and (e-h) uranium from concentrate  








c) Role of Phosphate Ions 
The comparison between the trends in Figure 9.17a-d and Figure 9.17e-h for 
thorium and uranium, respectively, shows interesting differences between strong acids 
and weak acids as well as between the two metal ions. One of the interesting aspects 
needs to be considered in the discussion of the leaching efficiencies of uranium, thorium, 
iron and aluminium is the complexation of these cations with the anions such as 
phosphate, fluoride, chloride, nitrate, oxalate and citrate and the formation of a range of 
solids with different stability constants and pKSP values, listed in Table 9.10.   
Figure 9.18 shows the effect of the three different acids HClO4, HCl and HNO3 at 
the same concentration of 1.3 mol L-1 and the effect of increasing concentration of 
phosphoric acid in the range 1.72-4.55 mol L-1.  Amongst the complexes of calcium with 
different anions, {Ca(HPO4)}
0 is the most stable complex with Log β = 2.58 as listed in 
Table 9.10. Thus, the decrease in calcium leaching efficiency from left to right in Figure 
9.18 in the three acids HCl, HNO3 and HClO4 is consistent with the decrease in phosphate 
leaching efficiency, as generally expected. This is followed by an increase in calcium 
leaching efficiency in Figure 9.18 with the increase in phosphoric acid concentration from 
1.72 to 4.55 mol L-1 used in different experiments. 
The fluoride ion in the form of HF or HF2
- is also stabilised in acid solutions, as 
shown by its large stability constant of log β = 2.9 and 3.6, respectively, in Table 9.10, 
while its concentration in the leach liquors may be controlled by the calcium ion 
concentration in equilibrium with CaF2 or other such solids containing fluoride. The 
concentrations of iron, aluminium and fluoride ions in leach liquors are comparable and 
of the same order as listed in Table 9A.1 in Appendix 9A.  
 




The four cations Fe3+, Al3+, UO2
2+ and Th4+ form strong complexes with fluoride 
ions. However, as the fluoride leaching efficiency in Figure 9.19a generally increases 
from left to right, the leaching efficiency of all four cations in 1.3 mol L-1 HCl, HClO4, 
HNO3 and 1.72 mol L
-1 H3PO4 (Figure 9.19b-e) decreases, indicating a detrimental effect 
of high fluoride. This view is supported by the initial rates plotted in Figure 9.6b which 
shows that leaching rates of iron and aluminium are lower at higher leaching rates of 
fluoride. However, Fe3+ and Al3+ ions also form strong complexes with phosphate ions 
(Table 9.10) and thus, the leaching efficiency of iron and aluminium seems to increase 

















Table 9.10. Equilibrium constants for aqueous and solid species of different metal ions 
Species 
(M = cation, z = 1, 2, 3 or 4) 
Coordination number (n), stability constants (Log βn) or solubility constants (pKSP) 
n H+ Ca2+ Al3+ Fe3+ UO22+ Th4+ 
{M(NO3)}+(z-1)(aq) 1  0.68   0.3 0.67 
{MCl}+(z-1)(aq) 1  0.43  7.6 0.17 0.18 
{MCl2}+(z-2)(aq) 2  -0.68  11.4   
{MF}+(z-1)(aq) 1 2.91 0.53, 
0.94 
6.13,7.0 5.19, 6.2 4.54 7.51 
{MF2}+(z-2)(aq) 2 3.61  11.2, 12.7 9.12, 10.8 7.98 13.3 
{MF3}+(z-3)(aq) 3   15.0, 16.8 12.1, 14 10.4 8.58 
{MF4}+(z-4)(aq) 4   17.7  11.9 20.2 
{MF5}+(z-5)(aq) 5   19.4    
{MF6}+(z-6)(aq) 6   19.8    
{M(H2PO4)}+(z-1)(aq) 1  1.41 3.15 21.8 3.3  
{M(H2PO4)2}+(z-2)(aq) 2   5.54    
{M(H2PO4)3}+(z-3)(aq) 3     3.8  
{M(HPO4)}+(z-2)(aq) 1  2.58 8.81 9.00 7.2 estimateda 
{M(HPO4)2}+(z-4)(aq) 2   15.8  16.2 17.0a 
{M(HPO4)3}+(z-6)(aq) 3      23.7a 
{M(C2O4)}+(z-2)(aq) 1 4.27 3.27 5.97 7.58 5.99 6.93b 
{M(C2O4)2}+(z-4)(aq) 2   10.9 13.8 11.1 13.1b 
{M(C2O4)3}+(z-6)(aq) 3   14.9 18.6 13.9  
{M(C6H7O7) +(z-1)(aq)   1.04     
{M(C6H6O7) +(z-2)(aq) 1  2.03 11.0 12.4 4.23  






  20.0, 18.2 21.9   
MPO4.2H2O(s)    15.0   
MHPO4.2H2O(s)  6.81     
Ca3(PO4)2(s)  32.6     
UO2.HPO4.3H2O(s)     13.2  
(UO2)3(PO4)2.4H2O(s)     49.4  
Ca(UO2)2(PO4)2.3H2O(s)     48.4  
Th(HPO4)2.4H2O(s)      24.5 
Th2(PO4)2(HPO4).H2O(s)      66.6 
Th3(PO4)4(s)      79.8 
CaC2O4.H2O(s)  8.63     
UO2C2O4.3H2O(s)     8.55  
Th(C2O4)2(s)      24.3 
ThF4(s)      8.77c 
From Tables in Appendix 2A 
a.Ekberg et al. (2011)  




Figure 9.18. Variation of leaching efficiency of calcium, phosphate and fluoride from 
concentrate in different acids after 2 h leach time at 95 oC  
(data from Table 9A.6 in Appendix 9A) 






 (b) Iron 
 
 (c) Aluminium 
 
 (d) Thorium 
 
 (e) Uranium 
 
Figure 9.19. Variation of leaching efficiency of (a) fluoride, (b) iron, (c) aluminium, (d) 
thorium and (e) uranium from concentrate in different acids after 2 h leach time at 95 oC 
(data from Table 9A.6 in Appendix 9A) 
 
Comparison between Figure 9.18 and 9.19 also indicates that the decrease in 
leaching efficiency of iron and aluminum from left to right is partly due to the decrease 
in leaching efficiency of phosphate. Moreover, higher leaching efficiencies of 52-76% 
iron in the three phosphoric acid solutions compared to 36-56% aluminium in Figure 
9.19b-c is also consistent with the higher stability constants of Fe(III)-phosphate 
complexes, compared to those of Al(III)-phosphate complexes (Table 9.10).  
 




d) Precipitation and Re-dissolution of Salts from Leach Liquors 
The leaching efficiency of UO2
2+ and Th4+ in Figure 9.19d-e also decreases from 
left to right with the decrease in phosphate leaching efficiency, in the same way as iron 
and aluminium. This behavior is consistent with the high stability of uranyl-phosphate 
and Th(IV)-phosphate complexes, shown in Table 9.10 and hence, even a lower 
phosphate concentration is detrimental for leaching. Much lower leaching efficiencies of 
uranium and thorium at high phosphoric acid concentrations is a result of the large pKSP 
values of the phosphate salts of these cations listed in Table 9.10, causing precipitation. 
 
Generally higher leaching efficiency of uranium in Figure 9.19e, due to high 
dissolution (or solubility) compared to that of thorium in Figure 9.19d, is also consistent 
with the large pKSP values of thorium(IV) phosphate, compared to the lower pKSP values 
of various uranyl phosphates shown in Table 9.10.  Although the rapid increase in initial 
leaching efficiency of uranium in the first 15 min continues slowly in 1.72 mol L-1 H3PO4 
over prolonged leaching for 240 min, a rapid decrease is shown at higher H3PO4 
concentrations in Figure 9.17f. The decrease in leaching efficiencies of uranium and 
thorium ions during prolonged leaching to low values (≤ 1%) (Figure 9.17b,f) due to the 
precipitation of phosphates indicate that these two trace elements will remain in the 
residue produced from phosphoric acid leaching of the concentrate particles.  
Other weak acids offer higher leaching efficiencies of uranium during prolonged 
leaching over 4 h: 1.72 mol L-1 H3PO4 (40%) and 1.30 mol L
-1 C6H8O7 (24%); but 1.30 
mol L-1 CH3COOH offers a lower leaching efficiency of only 10% (Figure 9.17f-h). The 
decrease in initial uranium leaching efficiency from 10% to about 1% after 2 h in 1.3 mol 
L-1 H2C2O4 is followed by an increase after 4 h to the original value of 10% in Figure 
9.17h. This may be related to the changes in leaching efficiencies of iron(III) and 




aluminium(III) in Figure 9.16h and 9.16d, respectively, caused by the decrease in fluoride 
leaching efficiency (Figure 9.13c) and increase in phosphate leaching efficiency (Figure 
9.12c). Thus, the initial leaching of uranium as uranyl-oxalate complexes (log β = 6-14) 
is likely to be followed by the precipitation of UO2C2O4.3H2O(s) with pKSP = 8.55 (Table 
9.10). The stability constants of uranyl phosphate complexes (Log β = 3-16) are higher 
than those of uranyl-fluoride complexes (Log β = 4-12) and uranyl-oxalate complexes 
(Log β = 6-14). Thus, given that the phosphate leaching efficiency (55% in Figure 9.12c) 
is higher than that of fluoride (35% in Figure 9.13c) the possibility of the re-dissolution 
of UO2C2O4.3H2O(s) as the phosphate complexes over the prolonged leaching cannot be 
ruled out.  
e) Comparison of Uranium Leaching in Different Acids 
An overall comparison of the uranium leaching efficiency in different acids after 
10 min and 2 h leaching periods is shown in Figure 9.20 in the descending order of the 
values at 10 min. In most strong acids considered in this work, high acidity and formation 
of phosphoric acid seem to facilitate uranium leaching in the first 10 min with efficiencies 
up to 50% or above. The dissolved uranium generally stays in the leach liquor in most 
cases, but in a few cases the dissolution continues to increase the leaching efficiency by 
up to about 10% during prolonged leaching over 2 h. However, in phosphoric acid itself 
the leaching efficiency is less than 50% and depends on the concentration of H3PO4, but 
the prolonged leaching precipitates uranium as phosphates and in some cases, the 
leaching efficiency decreases to very low values (≤ 1%), which are difficult to see in 
Figure 9.20.  
 




Amongst the organic acids, citric acid shows a leaching efficiency of about 10% 
after 10 min, but increases to about 20% over 2 h. The weak acid with anions which can 
form strong complexes with UO2
2+, such as oxalate, also show beneficial effects but the 




Figure 9.20. Variation of leaching efficiency of uranium from concentrate after 10 min 













9.6 Rare Earth Elements 
9.6.1 REEs from FAP Particles 
Calcium, phosphate and fluoride in FAP particles have fast and high leaching 
efficiencies in strong acids. Thus, the leaching efficiency of REEs associated with the 
lattice of the FAP particles, is also expected to be high in strong acids. Similarly, the 
leaching efficiencies of REEs should be low in weak acids because of low extent of FAP 
leaching. The initial relative rates of leaching of REEs per unit surface area of FAP disc 
or particles (mol m-2 s-1) also depend on the relative abundance of REEs in FAP, as 
revealed in Section 9.3.1. However, the fraction of REEs leached at each time and final 
leaching efficiencies should depend on the kinetics as well as the composite effect of 
stabilsation of the dissolved metal ions in solution due to strong metal-ligand interactions 
or in the solid phase as a sparingly soluble salt. These qualities of metal cations are 
revealed by the stability constants or solubility product constants, as described in the case 
of the leaching of minor non-RE elements from FAP in the previous section.  
Figure 9.21 shows high leaching efficiencies of REEs in HClO4 and follow an 
ascending order: HNO3 (5-7%) < HCl (21-13%) < HClO4 (54-63%) (Figure 9.21a). In 
the case of H3PO4, the general trend is that the higher leaching efficiencies are shown at 
10 min leaching time in the ascending order: Nd (26%) < Ce (38%) < La (59%) and all 
REEs appear to precipitate during prolonged leaching after 10 min as shown in Figure 
9.21b.  
The higher leaching efficiencies of REEs can be seen in HClO4 over other acids 
in the comparison shown in Figure 9.22a-c. It is of interest to note that the trends in 
leaching efficiency curves in Figure 9.21 and 9.22 are similar to the trends shown in 




Figure 9.14 and 9.17 indicating the composite effects of complex formation and 





Figure 9.21. Variation of leaching efficiency of REEs from FAP in (a) 1.30 mol L-1 strong 
acids and (b) 3.25 mol L-1 H3PO4 at 95 








Figure 9.22. Comparison of leaching efficiency of individual REE from FAP in 1.30 mol 
L-1 HCl, HNO3, HClO4 and 3.25 mol L
-1 H3PO4 at 95 
oC: (a) lanthanum, (b) cerium and 
(c) neodymium (data from Table 9A.4 in Appendix 9A) 
  
Figure 9.23 shows a bar-graph of the leaching efficiencies of REEs from FAP 
particles in different acid solutions: 1.3 mol L-1 HNO3, HCl or HClO4 or 3.25 mol L
-1 
H3PO4 after a leaching time of 0.5 h and 4 h (data from Table 9.5), for the ease of 
comparison of the trends. The leaching behavior of RE(III) in different acids seems to 
follow the trend of Fe(III), described in Figure 9.15b, where the leaching efficiency 
increases in the order: HNO3 < HCl < HClO4. The large increase in the leaching efficiency 
in HClO4 can be related to the high phosphate leaching and large stability constants of 





+ (~105) and {RE(HPO4)2}
- (108-9), listed in Table 9.9. However, the REPO4 
solids also have much larger pKSP values of 25-26, compared to pKSP of 22 for FePO4 
(Table 9.9). This explains the large decrease in leaching efficiency of REEs in 3.25 mol 
L-1 H3PO4 solution, shown in Figure 9.23. The larger leaching efficiencies of La(III) 
compared to Nd(III) and Ce(III) in HClO4 and H3PO4 in Figure 9.23 are also consistent 
with the lower pKSP of 25.7 for LaPO4, compared to 26.2 for NdPO4 and CePO4 (Table 
9.9).  
Due to slow leaching kinetics, the prolonged leaching seems to increase the 
leaching efficiencies of REEs over 4 h in H3PO4 as shown in Figure 9.23. The selective 
leaching of FAP is facilitated by the precipitation of RE-phosphates and the lower 
leaching efficiencies of REEs after 30 min (< 20%) in all cases. An exception is ~ 60% 
leaching of REEs in HClO4 after 10 min, which remains relatively unaffected with time 
(Figure 9.22).  
 
Figure 9.23. Variation of leaching efficiency of REEs from FAP at 95 oC and 0.5 h or 4 
h leach time in 1.3 mol L-1 HNO3, HCl, HClO4 and 3.25 mol L
-1 H3PO4 (data from Table 
9.5)  
 




9.6.2 REEs from Concentrate Particles 
The leaching results of major REEs from the concentrate particles in strong and 
weak acids over a leaching period of 4 h (strong acids) and 24 h (weak acids) listed in 
Table 9.7 show the general variation of leaching efficiencies depending on the acidity, 
complex formation with anions and precipitation of solids. The detailed leach curves over 



















(a) La in strong acids 
 
(b) Ce in strong acids 
 
(c) La in phosphoric acid 
 
(d) Ce in phosphoric acid 
 
(e) La in organic acids 
 
(f) Ce in organic acids 
 
Figure 9.24. Variation of leaching efficiency of (a, c, e) lanthanum and (b, d, f) cerium 
from concentrate in different acids (95 oC, 5% (w/w) solid, agitation = 1100 rpm; data 









a) REE Leaching in Strong Acids 
The increase in acid concentration from 1.30 mol L-1 to 3.25 mol L-1 is beneficial 
for the leaching efficiencies of lanthanum and cerium in HCl and HNO3, especially in 
HNO3, while there is no such beneficial effect in the case of HClO4. It can also be noticed 
that the leaching efficiencies of REEs in 3.25 mol L-1 HNO3 are higher compared to those 
in 3.25 mol L-1 HCl (Figure 9.24a). Further comparison in Figure 9.25 shows that the 
ascending order of leaching efficiencies of REEs in 1.3-1.7 mol L-1 acids after 30 min is 
HNO3 < HCl < HClO4, but in 3.25 mol L
-1 acid, this is reversed to: HClO4 < HCl < HNO3. 
This can be related to the effect of anion at higher concentration evident from the higher 
stability constants of {RE(NO3)}
2+ ions (100.6-100.7), compared to the lower values of 
{RECl}2+ (100.3), listed in Table 9.9. However, at both concentrations, the leaching 
efficiency in H3PO4 remains very low due to the large pKSP of REPO4, as noted earlier.  
The lowest leaching efficiency of La(III) in Figure 9.25b in the three acids, HNO3, 
HCl and HClO4, is also consistent with the lowest stability constants of La
3+ ion for the 
association with Cl-, NO3
-, H2PO4
- and HPO4
2- (Table 9.9). Although REEs can leach into 
the solution initially due to the complex formation with H2PO4
- or HPO4
2-, the gradual 
decrease in leaching efficiency of REEs with time during prolonged leaching is a result 
of the precipitation of REPO4 as shown in Figure 9.24c-d, as in the case of uranium and 
thorium, described earlier.  








Figure 9.25. Variation of leaching efficiency of REEs from concentrate at 95 oC and 30 
min leach time in (a) 1.3 mol L-1 HNO3, HCl, HClO4 and 1.7 mol L
-1 H3PO4 and (b) 3.25 
mol L-1 all acids (data from Table 9A.7 in Appendix 9A) 
 
  




b) REE Leaching in Weak Acids 
The leaching efficiencies of REEs in organic acids are relatively very low 
compared to those in strong acids and comparable with those in H3PO4, except the 
extremely low leaching efficiencies (< 0.30%) in H2C2O4 and C2H5NO2 (Figure 9.24e-f). 
Low leaching efficiency in C2H5NO2 is due to the low acidity of C2H5NO2. Despite the 
high leaching efficiency of phosphate in H2C2O4 (Figure 9.12c), the low leaching of REEs 
in H2C2O4 is due to the high pKSP of ~30 for RE2(C2O4)3, listed in Table 9.9.  
In contrast, the higher association constant of {RE(C6H5O7)}
0
(aq) (log β = 9-10) 
appears to facilitate initial leaching of both lanthanum and cerium in C6H8O7 (Figure 
9.24e-f). However, C6H8O7 also promotes phosphate leaching as shown in Figure 9.12c 
where the precipitation and stability constants follow the order: REPO4(s) (pKSP = 26) > 
RE(C6H5O7)(s) (pKSP = 11-16) > {RE(C6H5O7)}
0
(aq) (log β = 9-10). Thus, the precipitation 
of REPO4(s) and/or RE(C6H5O7)(s) is responsible for the gradual decrease in leaching 
efficiency of REEs during the prolonged leaching over 4 h (Figure 9.24e-f).  
In contrast, the phosphate leaching in CH3COOH and HCOOH is much lower and 
≤ 1% (Figure 9.12b). Thus, despite the weak acidity, the association of RE3+ with anions, 
CH3COO
- and HCOO- (log β = 1-2), causes the continuous, but very slow leaching of 
REEs as depicted by Figure 9.24e-f. Figure 9.26 compares the leaching efficiencies of 
REEs in weak organic acids after 24 h. The higher leaching efficiency of Nd(III) is 
consistent with the higher stability constants of Nd3+ for the association with various 
anions (CH3COO
- > HCOO-) as listed in Table 9.9.   
The low leaching efficiency of uranium, thorium and REEs in oxalic acid, shown 
in Figure 9.17, 9.20 and 9.26, is consistent with the previous findings on monazite, 
reported by Lapidus and Doyle (2015a,b). The thermodynamic speciation also showed 




that the presence of phosphate restricted the solubility of these metals. However, in a 
separate study, pre-treatment with concentrated sodium hydroxide solutions removed the 
phosphate and yielded a leach residue that was amenable for selective leaching of thorium 
and uranyl oxalate and subsequent extraction of REEs with citrate (Lapidus and Doyle, 
2015b). Thus, the complex formation and precipitation reactions noted in Table 9.9 and 




Figure 9.26. Variation of leaching efficiency of REEs from concentrate at 95 oC and 24 
h leach time in organic acids (data from Table 9A.8 in Appendix 9A) 
 
The acid strength or the H+ concentration affects the leaching kinetics of various 
cations, anions or neutral species from FAP and concentrate particles, while the anions 
of the acids as well as the solubility of the salts produced during leaching largely, affect 
the extent or efficiency of leaching. Other factors which affect the leaching efficiency are 
considered next. 
 




9.7 Other Factors Affecting Leaching 
9.7.1 Temperature 
Figure 9.27 and 9.28 show the beneficial or detrimental effects of changing 
temperature in the range 60-95 oC on the leaching efficiencies of major, minor and trace 
elements in 1.30 mol L-1 HCl, HNO3, H3PO4 and HClO4 and 2.28 mol L
-1 H3PO4 after 4 
h. Significant effects of increasing temperature in phosphoric acid leaching which are 
beneficial on iron and aluminium and detrimental on fluoride and uranium are evident in 
Figure 9.27c and 9.27d, respectively. The beneficial effect of high temperature on iron 
and aluminium leaching efficiencies in strong acids is higher than that on calcium (Figure 
9.27a). However, the effect of temperature on fluoride, uranium and thorium is relatively 
low in Figure 9.27b. Some of these variations are most likely related to the effect of 
solubility of the precipitating salts such as those containing fluoride, uranium and 
thorium, described in previous sections.  A small decrease in the solubility of RE(III) 
phosphates and hence slightly low level of RE(III) leaching can be expected at high 
temperatures based on the solubility product constants in Table 2.14 in Chapter 2. Thus, 
a systematic study is essential in future work to understand the solubility behavior of 
phosphates of RE(III), Th(IV) and U(VI) at the desired temperatures. Other main points 
to note from Figure 9.27 are: 
(i) A decrease in temperature from 95 oC to 60 oC is detrimental on the 
leaching efficiencies of calcium, phosphate, aluminium, iron and REEs 
from the concentrate in strong acids.  
(ii) However, the leaching efficiencies of calcium and phosphate in HCl are 
benefitted by the decrease in temperature.  




(iii) As shown in Figure 9.27c and Table 9.6, the leaching efficiency of calcium 
increased from 85% to 99%, while leaching efficiency of fluoride 
increased from 30% to 55% in H3PO4 with the decrease in temperature, 
but there is no significant effect on fluoride leaching from the concentrate 
in the acids mentioned above (Table 9.6).   
(iv) The leaching efficiencies of calcium, aluminium and iron in H3PO4 are 
comparable with those in strong acids at low temperatures (Figure 9.27a 
and 9.27c).  
(v) The leaching efficiencies of uranium and thorium from the concentrate 
decrease with increasing temperature with complete precipitation of 
uranium at 95 oC as shown in Figure 9.28a and thorium at all temperatures 
in H3PO4 (Figure 9.28b). The standard formation enthalpies of possible 
uranyl and thorium phosphate precipitates are listed in Table 9A.11 in 
Appendix 9A, but, further investigations are required to confirm the nature 
of these precipitates.  












Figure 9.27. Effect of temperature on leaching efficiency of non-REEs from concentrate 
in (a-b) 1.30 mol L-1 HCl, HNO3 and HClO4 and (c-d) 2.28 mol L
-1 H3PO4 at leach 







Figure 9.28. Variation of leaching efficiency of (a) uranium and (b) thorium from 
concentrate in 2.28 mol L-1 H3PO4 at different temperatures (5% w/w solid; 1100 rpm) 




9.7.2 Pulp Density 
The leaching efficiencies of non-REEs and REEs from the concentrate in H3PO4 
at different pulp densities (5%, 10% and 15% (w/w)) are listed in Table 9.6. The 
comparison of leaching results in 2.28 mol L-1 (5% solid), 4.80 mol L-1 (10% solid) and 
7.63 mol L-1(15% solid) H3PO4 at 95 
oC in Table 9.6 shows a pulp density of 10% solids 
(w/w) as most effective for calcium, iron and aluminium. Further test work would be 
required in this area.  
 
9.8 Kinetic Models 
9.8.1 Mathematical Expressions and Graphical Representations 
The applicability of shrinking sphere and core kinetic models for the mineral 
dissolutions has been discussed in Chapter 2 based on the rate controlling step i.e. a 
chemical reaction at the particle surface or the diffusion of reactants or products through 
a thickening product layer around the particle, respectively (Levenspiel, 1972). In the 
case of FAP leaching in acids, these two models can be expressed in the form of integrated 
rate equations for the reaction of FAP with H+ ions for releasing different metal (M) ions 
given by the general reaction bM(s) + H+(aq) → products. 
For the shrinking sphere model: 
1 − (1 − X)1 3⁄ =  (
[H+]bulkki
ρr
) t = kapt 
(9.1) 
For the shrinking core model:  
1 − 3(1 − X)2 3⁄ +  2(1 − X) =  (
6[H+]bulkDH+
ρr2(1 − ε)
) t = kap1t 
(9.2) 
 




where, X = the fraction of M dissolved after time t (s), kap, kap1  = apparent rate constant 
(s-1), [H+]bulk = concentration of H
+ ions in bulk solution (mol m-3), ρ = molar density of 
the dissolving metal in the initial particle (mol m-3), DH+ = diffusion coefficient of H+ 
through the product layer (m2 s-1), r = initial particle radius (m), 𝝴 = porosity of the solid 
and ki = intrinsic rate constant of the surface reaction (m s
-1).  
Modelling the leaching kinetics of major species (calcium, phosphate and 
fluoride) in the concentrate based on these models is not applicable since they do not 
show proper parabolic type leaching behaviors (Figures 9.11-9.13). The removal of minor 
species such as aluminium and iron with the FAP fraction is beneficial for the purification 
of the RE(III) containing sulphate solutions obtained in the downstream processes as 
discussed earlier and they show parabolic type leaching behaviors in some leaching 
systems. Therefore, it is important to study the leaching kinetics of the minor species 
based on kinetic models. The build up of product layers on the mineral surface was 
indicated from the parabolic type leaching curves in weak organic acids and the leaching 
efficiencies in these acids are relatively low as evident from Table 9A.2 and Figure 9.16. 
Figure 9.29 examines the applicability of shrinking core and shrinking sphere models on 
the leaching of aluminium and iron from concentrate in weak organic acids. The shrinking 
core model shows a better correlation. The continuous blockage of the particle surface by 
a growing porous precipitated solid layer appears to be slowing down the reaction (Figure 
9.29a-d).  
Some other leaching systems tested are summarized in Appendix 9A (Figure 
9A.2(a-c)) which also show the applicability of the shrinking core kinetic model.   
 
 




(a) Al in C6H8O7 
 
(b) Fe in C6H8O7 
 
(c) Al in H2C2O4 
 
(d) Fe in H2C2O4 
 
Figure 9.29. Validity of shrinking core model for aluminium leaching (a and c) and iron 
leaching (b and d) from concentrate in organic acids (acid concentration = 1.30 mol L-1; 
95 oC; 5% (w/w) solid; 1100 rpm)  
 
9.8.2 Apparent Rate Constant and Proton Diffusivity 
The values of  kap1 (see Equation 9.2), obtained from the gradients of the linear 
plots, related to shrinking core model, are listed in Table 9A.9(a) in Appendix 9A. The 




) of Equation 9.2.  
Then the two terms DH+  and  ρ are given by: 










ρ =  
ρFAP or REPC  x % of a metal in the feed material
100 x molar mass of that metal
 (9.4) 
Log {kap1} = Log {[H





where r (initial particle radius) = 8.25 x 10-5 m; [H+]bulk = 2.14 x 10
-4 mol cm-3 for 
C6H8O7 and 1.26 x 10
-3 mol cm-3 for H2C2O4 (for example);  ρ = molar density of metal 
(calcium, aluminium, iron, uranium, thorium and REEs) leached from the FAP having 
the density (ρFAP) of 3.18 g cm
-3 or from the concentrate having the density (ρREPC) of 
2.00 g cm-3.  
Thus, the calculated DH+ values for the leaching of different metal ions from the 
concentrate in different acids are listed in Table 9.11. The DH+ values for leaching of 













Table 9.11. Calculated proton diffusion coefficients (DH+) from leaching behaviors of 








DH+ based on the leaching results of different ions 




F Al Fe  U La 
Concentrate HCl 
1.3 0-30   6.4E-10 3.1E-10    
3.25 0-30   3.7E-10 3.7E-10    
Concentrate HNO3 
1.3 0-30   5.8E-10 2.4E-10    
3.25 0-30   3.5E-10 1.5E-10    
Concentrate HClO4 
1.3 0-30   6.4E-10 2.8E-10    
3.25 0-30   3.0E-10 1.3E-10    
Concentrate H3PO4 
1.72 0-30   3.4E-09 3.7E-09    
2.28 0-30   3.0E-09 4.2E-09    
3.25 0-30   3.4E-09 4.2E-09    
4.55 0-20   4.1E-09 5.3E-09    
Concentrate C6H8O7 
1.3 0-1440 4.9E-11        
1.3 0-240   1.6E-10 3.0E-10    
Concentrate H2C2O4 
1.3 0-60   4.9E-10      
1.3 0-60     1.1E-09    
Concentrate CH3COOH 1.3 0-1440   2.4E-11 8.8E-12 3.0E-13  
Concentrate HCOOH 1.3 0-30        3.9E-13 
Concentrate C2H5NO2 1.3 0-1440        2.2E-11  
Apparent rate constants in Table 9A.9(a) in Appendix 9A were used to calculate DH+ 
 
A logarithmic plot of kap1  as a function of H
+ concentration based on Equation 
9.5 should result a linear relationship of slope close to unity as shown in previous studies 
(Senanayake and Das, 2004; Senanayake, 2011; Senanayake et al., 2011, 2015). A plot 
in Figure 9.30 shows reasonably good linear relationships of slope close to unity, 
indicating the validity of Equation 9.5. Figure 9.30 is also similar to Figure 8.26 based on 
the parabolic rate law, described in Chapter 8. The y-intercept for the two linear 
relationships for the dissolution of aluminium and iron from in H3PO4 are very close at 
10-7.12 and 10-7.09 in Figure 9.30. Most of the other data points, representing the dissolution 
in strong acids HCl, HNO3 and HClO4, lie between these two lines. The calculated value 
of DH+ based on the two y-intercepts for aluminium and iron from Figure 9.30 are listed 




in Table 9.12 (see Appendix 9A for calculation steps). The 80% passing size (P80) of the 
concentrate particles (165 µm) was used to calculate these DH+ values. However, they can 
be decreased significantly for lower particle sizes as shown in Appendix 9A (Table 
9A.9(b)). 
 The values of DH+ based on the leaching of calcium, iron, aluminium, nickel and 
titanium from different feed materials such as the FAP concentrate, laterite, ilmenite and 
manganese nodules, listed in Table 9.12, are also in reasonable agreement with the results 
from this work indicating the validity of these calculations. The differences in DH+ values 
of H+ based on the dissolution of different ions from the leaching of different feed 
materials in different acids (weak or strong) can be related to the difference in porosity 
of the product layers (𝝴 in Equation 9.5, which was assumed to be zero in the 
calculations). Although DH+, related to leaching of uranium and lanthanum(III) in weak 
organic acids, are listed in Table 9.11, they may be less reliable since the leaching 
efficiencies of these elements are less than 20% in these acids, leading to a less reliable 
applicability of the shrinking core model as noted in a critical analysis by Liddell (2005).      
Moreover, the values of DH+ based on the leaching of Al and Fe from concentrate 
particles from this work (10-9-10-10 cm2 s-1) listed in Table 9.12 are lower than the values 
of DH+ (10
-7 cm2 s-1) for Ca and P from the FAP disc, listed in Table 8.17. This is expected 
from the differences in the mineralogy of the concentrate particles and the insoluble 
porous solid precipitated on the FAP disc. However, the DH+ based on the leaching of 
REEs from the disc (10-10 cm2 s-1) listed in Table 8.17 are in good agreement with the 
DH+ for Al and Fe leaching from concentrate particles in Table 9.12 (10
-9-10-10 cm2 s-1). 
This confirms that the general rate of leaching is controlled by the diffusion of H+ through 
the pores of the mineral matrix. 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      





Figure 9.30. Logarithmic plot of apparent rate constant and H+ concentration for leaching 
behaviors of aluminium and iron in different acids (data from Table 9A.9(a) in Appendix 
9A and refer Equation 9.5; H+ concentrations based on measured pH in H3PO4 are taken 
by ignoring liquid junction potential and assuming unit activity coefficients) 
 
  




Table 9.12. Comparison of proton diffusion coefficients (DH+) in different leaching 
systems 
Leaching system  
DH+  







Al from RE 
concentrate 
H3PO4 1.72-4.55 95 1.6 x 10-9 This work (Figure 9.30) 
Fe from RE 
concentrate 
H3PO4 1.72-4.55 95 8.8 x 10-10 This work (Figure 9.30) 
Ca from FAP H2SO4 5.5 60 1 x 10-10 This work based on literature 
data (Figure 2.18) 
 
Ca from FAP H2SO4 5.5 90 2 x 10-10 
Fe from ilmenite HCl 11 30-80 1 x 10-9 Tsuchida et al. (1982) 
Ti from ilmenite HCl 11 30-80 2 x 10-9 Tsuchida et al. (1982) 
Ni or Fe from 
laterite 
H2SO4 0.72 90 
0.5 x 10-9 to 
4 x 10-9 
Senanayake and Das (2004) 














2 x 10-11 Senanayake (2011) 
Fe from ilmenite HCl 4-7 60 2 x 10-11 Jabit (2017)  
 
 
9.9 Characterization of Leach Residues 
9.9.1 The ICP-AES/MS Analysis and Mass Balance of Elements 
Table 9.13 lists the assays of the leach residues of the concentrate obtained after 
leaching in HCl, HNO3, HClO4 and H3PO4 solutions under different conditions. Figure 
9.31 shows a summary of leach results of key elements (Ca, F, Al, Fe, U, Th) in 
phosphoric acid solutions of different concentrations to show the relative leaching 
efficiencies of some of these elements.  Table 9A.10(a-b) in Appendix 9A shows a 
successful and complete mass balance of elements based on assays of (a) initial feed, (b) 




leach liquors and solids removed for analysis at different time intervals, (c) final liquor 
and solids, and (d) wash liquors of samples and final solids.  
Selective leaching of most of the FAP component from the concentrate and the 
enrichment of REEs in the residue is evident from the table. The higher residual REEs in 
leaching with H3PO4 (6.47%-9.65%) compared to that with strong acids (2.77%-4.18%) 
is also evident. Other main points are listed below: 
(i) The highest enrichment of total REEs is caused by leaching in 3.25 mol L-1 
H3PO4 at 95 
oC (9.65%), while the lowest enrichment is in 2.28 mol L-1 acid 
at 95 oC (6.47%).  
(ii) Despite slightly high calcium content in the leach residue of 3.25 mol L-1 
H3PO4 (2.91%) compared to that in 4.55 mol L
-1 H3PO4 (2.45%) at 95 
oC, the 
former gives better selectivity at 5% (w/w) pulp density and 95 oC.  
(iii) Moreover, low contents of aluminium, iron and silicon and high contents of 
thorium in the leach residues, generated using H3PO4 compared to other acids 
at 95 oC, can be advantageous in using phosphoric acid as the lixiviant during 















Table 9.13. Assays of non-REEs and REEs in leach residues of concentrate 




3.25 3.25 3.25 1.72 2.28 3.25 4.55 2.28 2.28 
Temp. 
(oC) 
95 95 95 95 95 95 95 75 60 
Element Leach residue (%, w/w) 
Ca 2.92 3.82 3.96 14.6 6.59 2.91 2.45 6.86 5.2 27.9 
P 1.33 1.12 3.97 8.54 10.6 9.23 9.79 7.58 8.3 10.8 
F* 1.05 1.00 0.95 1.90 1.40 1.25 1.20 1.30 1.10 1.75 
Na 0.16 0.19 0.21 0.14 0.1 0.1 0.08 0.14 0.15 0.17 
Mg 0.42 0.57 0.67 0.48 0.21 0.28 0.22 0.55 0.43 0.54 
Al 1.94 2.65 2.1 2.14 1.21 1.33 1.07 2.48 2.82 2.46 
Si 19.7 23.2 23.4 11.5 10.5 11.6 10.3 14.4 14.5 9.05 
Fe 1.36 2.08 1.19 1.89 0.67 1.04 0.75 2.33 2.83 2.68 
Sr 0.08 0.1 0.07 0.18 0.1 0.12 0.1 0.16 0.13 0.23 
Th 0.5 0.32 0.37 0.63 0.64 1.01 0.94 0.9 0.59 0.45 




4.18 3.66 2.77 6.86 6.47 9.65 8.59 9.12 6.63 4.53 



































Figure 9.31. Variation of leaching efficiencies of (a) calcium, (b) fluoride, (c) iron, (d) 
aluminium, (e) uranium and (f) thorium from concentrate at different concentration of 
H3PO4 acid (5% w/w solid, 95 
oC, 1100 rpm) 
 
9.9.2 The XRD Analysis 
The XRD patterns of solid residues of the concentrate (Figure 9.32 and 9A.3-9A.4 
in Appendix 9A), obtained by acid leaching with 3.25 mol L-1 HCl, HNO3, HClO4 and 
H3PO4 after 4 h or in different time intervals within 0-4 h leach time show that silica is 
the major component in all residues. The precipitation of calcium fluoride as a minor 




component is evident from the XRD patterns in Figure 9A.3 and 9A.4 (Appendix 9A). 
The presence of un-leached or precipitated REPO4 can also be seen in the residue of 
H3PO4 leaching which causes the enrichment (Figure 9A.3).   
In contrast, the un-leached FAP, REPO4 minerals and calcium silicate (a large 
fraction based on peak intensities) can be seen in the solid residues of organic acids 
(Figure 9A.5a in Appendix 9A), especially with CH3COOH and C2H5NO2 due to their 
very low leachability. The major XRD peaks of the residue, formed with oxalic acid, 
match with the standard XRD pattern of hydrated calcium oxalate, Ca2C2O4.H2O (Figure 
9A.5b in Appendix 9A), confirming that the precipitation of calcium oxalate is the reason 
for a low leaching efficiency of concentrate with oxalic acid in the present study.  
 
Figure 9.32. Comparison of XRD patterns of solid residues obtained using 3.25 mol L-1 
(i) HCl, (ii) HNO3, (iii) HClO4 and (iv) H3PO4 at 95 
oC with standard patterns: (v) silicon 
oxide (00-001-0649), (vi) britholite-La (00-013-0106), (vii) kainosite-Y (00-014-0332) 
and (viii) cheralite (00-033-1095)  
(britholite-La and kainosite-Y are RE phosphate and RE silicate sources, respectively.) 
 
























































9.9.3 The SEM Images and EDS Analysis 
The SEM images and EDS patterns of the leach residues of the concentrate in 3.25 
mol L-1 HCl and H3PO4 are shown in Figure 9.33a-d. The enrichment of the residue with 
silicon can be noticed in the residues of both acids. However, the REE content in the 
residue of HCl is relatively very low due to high REE leaching efficiencies in strong 
acids, while the high peak intensities, related to REEs in the residues of H3PO4, are 
predominantly due to the precipitation of REPO4. The REEs with very low mass 
percentages cannot be clearly identified from the EDS patterns as their peak intensities 
are very low. 
Figure 9.34a-h show the SEM image and EDS patterns of the leach residues of 
organic acids. The comparison of EDS patterns of the solid residues in inorganic acids 
and organic acids shows that the peaks related to calcium appear in the residues of all the 
organic acids, while no such peaks can be observed in the leach residues produced by 
inorganic acids. This confirms very low leaching efficiencies of calcium in organic acids. 
According to SEM images, the very low level of acid attack on the mineral particles is 
evident in the leach residues of CH3COOH and C2H5NO2 compared to those of C6H8O7 
and H2C2O4. Due to this reason, the enrichment of REEs in the solid residues of 
CH3COOH and C2H5NO2 becomes very minimal, leading to the absence of the peaks 
related to REEs (Figure 9.34b and 9.34h). Figure 9.34f also supports the major 
precipitation of calcium in the form of calcium oxalate with a high intensity peak 



















Figure 9.33.  The SEM images and EDS patterns of solid residues of concentrate 































Figure 9.34. The SEM images and EDS patterns of solid residues of concentrate obtained 
in 1.30 mol L-1 organic acids at 95 oC: (a and b) CH3COOH, (c and d) C6H8O7, (e and f) 
H2C2O4 and (g and h) C2H5NO2 
 




9.9.4 The FT-IR Analysis 
Figure 9.35 and 9.36 show the FT-IR spectra of the leach residues in inorganic 
acids and organic acids, respectively. The bands can be assigned for the bending 
vibrational mode (δd(O-Si-O), symmetric stretching vibrational mode (s(Si-O-Si)) and 
asymmetric vibrational mode (as(Si-O-Si)) of silica. The (s(Si-O-Si) and (as(Si-O-Si) 
vibrational modes have been assigned at 795 cm-1 and 1103 cm-1, respectively, by 
Nikabadi et al. (2013). Based on the appeared peaks, it can be noticed that the   
predominant component in the leach residues of inorganic acids is silica because of high 
leaching of the FAP fraction. Besides that, the bands can be assigned for 3(f2) PO4
3- and 
bending vibrational mode of H2O (δd(H-O-H)).  
Although the leach residues of H3PO4 contain a high composition of phosphate 
(Table 9.13), it is difficult to assign all bands of PO4
3- ions since some bands related to 
PO4
3- ions are overlapped with those of silica in the range of 900-1200 cm-1. The relatively 
low phosphate contents compared to silica in the leach residue due to very high leaching 
of phosphate is the major reason for the disappearance of many peaks related to phosphate 
ions in the leach residues of strong inorganic acids. 
In comparison, the peaks can be assigned for SiO2, PO4
3- and CO3
2- ions in solid 
residues of organic acids (Figure 9.36) compared to the peaks, mainly related to SiO2 in 
strong acids. This is also consistent with the very low leaching efficiencies in organic 
acids. The bands at 516 cm-1, 779 cm-1, 1314 cm-1 and 1645 cm-1 for (Ca-O), δ(O-C=O), 
s(C=O) and as(C=O) vibrational modes, respectively, in C2O4
2- ions (Figure 9.36b) 
indicate the precipitation of calcium oxalate in H2C2O4 and very low level of calcium 
leaching. The bands related to calcium oxalate have been reported by Sofia et al. (2010) 
at 517 cm-1 ((Ca-O)), 780 cm-1 (δ(O-C=O)), 1319 cm-1 (s(C=O)) and 1622-1645 cm
-1 




(as(C=O)). Some bands related to PO4
3- and CO3
2- ions can also be identified (Figure 




Figure 9.35. The FT-IR spectra of solid residues obtained after leaching concentrate in 
3.25 mol L-1 acids at 95 oC; (a) HCl, (b) HClO4 and (c) H3PO4 
 




                       (a) 
 
                      (b) 
 
Figure 9.36. The FT-IR spectra of solid residues obtained after leaching concentrate in 
1.30 mol L-1 organic acids at 95 oC: (a) (i) HCOOH, (ii) CH3COOH, (iii) C2H5NO2 and 
(iv) C6H8O7 and (b) H2C2O4 
 
9.9.5 Comparison of Pre-Leach Options 
Based on the results from this chapter, significantly high calcium and REE 
leaching from the concentrate occur not only with HCl but also with other strong acids 
(HNO3 and HClO4).  The recovery of uranium, fluoride, gypsum and di-calcium 
phosphate from a hydrochloric acid leach liquor (Beer et al., 2008) by adding limestone 
and lime has been proposed (Senanayake et al., 2014a).  The utilization of the regenerated 




hydrochloric acid, using sulphuric acid, at the pre-leach step has been discussed by 
Feldmann and Demopoulos (2015).  
In contrast, high concentrations of H3PO4 offer the maximum leaching efficiencies 
of calcium (100%), keeping the dissolution of rare earth metal ions at a minimum level 
(Table 9.6, 9.7 and 9.13). This indicates the benefit of using H3PO4 as a pre-leaching 
agent, instead of HCl or other strong acids. Despite the low level of REE leaching by 
organic acids, very low leaching efficiencies of calcium and other impurities (aluminium 
and iron) make organic acids unsuitable as pre-leaching agents. 
Ca5(PO4)3F + 7H3PO4 = HF +5Ca(H2PO4)2 (9.6) 
  
5Ca(H2PO4)2   +   5H2SO4     =    5CaSO4 (s) +   10H3PO4 (9.7) 
  
Ca5(PO4)3F + 5H2SO4 = 3H3PO4+ HF +5CaSO4(s) (9.8) 
 
According to Reaction 9.6, the leaching of a mole of Ca5(PO4)3F requires 7 moles 
of H3PO4, whereas the regeneration of acid with H2SO4 and precipitation of gypsum 
produce 10 moles of H3PO4 (Reaction 9.7). The overall pre-leach reaction in Equation 
9.8 is same as pre-leach with H2SO4.  However, sulphuric acid is not suitable for direct 
pre-leach due to the potential entrainment of REEs, in the phosphor-gypsum precipitate. 
The advantages offered by the phosphoric acid pre-leach are:  
(i) the production of REE enriched residue for further processing using 
acid/alkali digestion routes to recover REEs (Gupta and Krishnamurthy, 
2005), and  
(ii) recycling the regenerated H3PO4 for pre-leach or further treatment in the 
fertilizer production.  
 




The 3.25 mol L-1 H3PO4 acid under leaching conditions of 5% (w/w) solids at 95 
oC over 4 h seems to be more suitable to minimize the deportment of REEs. A simplified 
conceptual block diagram is shown in Figure 9.37. Further work with continuous leaching 
and recycling is essential to rationalize the buildup of impurities and the viability of the 
flowsheet for industrial use.  
 
 









9.10 Summary and Conclusion 
A comparative leaching study was conducted using natural FAP samples and a 
FAP associated RE-phosphate concentrate to systematically investigate the selective 
leachability of the FAP fraction from the concentrate at the pre-leach stage. A wide range 
of acids, including both inorganic and organic acids (HCl, HNO3, H2SO4, HClO4, H3PO4, 
HCOOH, CH3COOH, C6H8O7, H2C2O4 and C2H5NO2) were tested to find out the most 
effective acid in this regard. Besides the leaching of FAP fraction, the fate of other 
impurities, namely aluminium, iron, thorium and uranium was also examined.  
Considering the FAP leaching in inorganic acids, the results show high leaching of 
calcium and phosphate in HClO4, HCl and HNO3, but low leaching in H2SO4 and H3PO4. 
The precipitation of gypsum and the low proton activity, respectively, are responsible for 
the low leachability of FAP in H2SO4 and H3PO4.  
The leachability of FAP in organic acids is relatively very low compared to that 
in inorganic acids because of low proton activity and precipitation of calcium oxalate and 
calcium citrate. Rapid and increased leaching efficiencies of calcium, phosphate and 
fluoride as well as other metal ions are consistent with the formation of phosphate 
complex species in most of the solutions of inorganic acids, evident from equilibrium 
constants. Many dissolution trends observed in the case of FAP rotating disc studies using 
both inorganic and organic acids are consistent with those of batch leaching studies of 
FAP particles.   
The leaching of REEs from the concentrate in H3PO4 is significantly very low due 
to the formation of RE-phosphate precipitates, whilst they are considerably high with the 
three strong acids HClO4, HCl and HNO3. The REE leaching efficiencies in organic acids 
and H3PO4 are comparable. The solubility product constants predict the precipitation of 




REEs in the form of RE-oxalates and RE-citrates in oxalic and citric acids. Despite the 
very low removal of calcium from the concentrate by H2C2O4 due to calcium oxalate 
precipitation, comparatively high phosphate leaching and complete removal of 
aluminium and iron are evident. The shrinking core model is valid for parabolic type 
leaching behaviors of aluminium and iron from the concentrate in C6H8O7 and H2C2O4. 
The calculated diffusion coefficient of H+ ions (DH+), using the shrinking core model of 
particle dissolution, is in reasonable agreement with the literature data. 
Besides the effect of high proton activity, the formation of phosphate complexes 
is beneficial for the higher leaching efficiencies of calcium, aluminium and iron ions in 
H3PO4 solution of high concentrations. The precipitation of thorium and uranyl 
phosphates at high concentrations of H3PO4 is beneficial for their entrapment in the leach 
residue along with REEs.  
The test results at different temperatures show that uranium forms a precipitate at 
higher temperature (95 oC) but thorium gets precipitated at all the selected temperatures 
(60 oC, 75 oC and 95 oC).  However, the pulp density seems less influential on leaching 
in H3PO4 compared to the acid type and acid concentration. Based on leaching results in 
all acids tested, H3PO4 appears to be the most suitable lixiviant in the pre-leach process 
of the concentrate for selective leaching of calcium and some other metal ions, especially 
aluminium and iron leaving uranium, thorium and REEs in the residue for acid bake or 
other method of treatment. 
 






10 SUMMARY, CONCLUSION AND FUTURE 
WORK 
 
10.1 Summary and Conclusion 
This thesis focused on comparative solubility studies of trivalent rare earth metal 
ions and leaching studies of natural fluorapatite and a phosphate concentrate in different 
acid solutions. 
After a comprehensive literature review, the solubility study used pure RE(III)-
sulphate salts and mixed RE-carbonates as feed materials, and sulphuric acid, phosphoric 
acid, mixtures of sulphuric and phosphoric acid solutions, different cations (sodium, 
aluminium, iron and calcium) containing sulphuric acid and test solutions which simulate 
liquors at the water leach and purification stages of the relevant flowsheets. The effects 
of temperature and the compositional changes in simulate liquors on the solubility of 
REEs were also studied. Raman spectroscopic studies were carried out in aqueous 
solutions to qualitatively identify the ion association of RE(III), iron(III) and aluminium 
ions with sulphate ions which may interfere with the solubility of RE(III) salts in the 
above solutions of interest.  
The batch leaching study was also a comparative study using a natural FAP 
sample and a phosphate concentrate. The dissolution of FAP in both strong acids and 
weak acids was conducted using a flat rotating disc as a small-scale experiment, prior to 
the batch leaching studies to properly examine the effect of proton activity, ion 




associations, product layer formations, temperature and addition of a background salt 
(sodium chloride) on the dissolution of calcium, phosphate, fluoride and REEs associated 
with the fluorapatite lattice. Based on the findings of this study, the conditions of the 
batch leaching studies of FAP and phosphate concentrate were decided. The feed and the 
precipitated or residual solids in both solubility and leaching studies were characterized 
using standard techniques namely, ICP-AES/MS, XRD, XRF, TGA, SEM-EDS, Raman 
and FT-IR spectroscopy. The solution assays were based on ICP-AES/MS technique. 
The main findings from the solubility studies and Raman spectroscopic investigations 
(Chapter 5, 6 and 7) can be summarized as follows: 
➢ The precipitation of RE2(SO4)3.xH2O is evident in the absence of sodium ions in 
sulphuric acid, while NaRE(SO4)2.H2O and REPO4.xH2O are precipitated as 
major solid phases in sodium ion containing sulphuric acid and phosphoric acid, 
respectively.  
➢ Sodium ions cause a large detrimental effect on the solubility of RE(III) in sodium 
ion containing sulphuric acid due to the very low solubility of NaRE(SO4)2.H2O 
compared to that of RE2(SO4)3.xH2O. 
➢ Further hydration to form La2(SO4)3.9H2O and Ce2(SO4)3.9H2O in sulphuric acid 
solutions in the absence of sodium ions is evident when La2(SO4)3 (anhydrous) 
and Ce2(SO4)3.8H2O are used as initial RE(III)-salts for saturation. 
➢ It was observed that the solubilities of lanthanum(III) and cerium(III) added as 
sulphate   solids were high in 1 mol L-1 H2SO4 compared to those in H2O at 40 
oC 
due to the beneficial effect of the ion association between RE3+ ions and SO4
2- 
ions.  




➢ Besides the formation of {La(SO4)}+ type complexes, the formation of 
{La(H2PO4)}
2+ types complexes, was beneficial for the dissolution of 
lanthanum(III) in a mixture of sulphuric and phosphoric acids.  
➢ The ability of  aluminium(III), iron(III) and lanthanum(III) ions to associate   with 




sulphate complexes (M = Al, Fe or La), follows a  desending order: Fe3+ > Al3+ > 
La3+. Hence, the presence of Fe3+ or Al3+ becomes detrimental on the precipitation 
of RE2(SO4)3.xH2O as well as the ion association of RE
3+ with sulphate ions to 
form {RE(SO4)}
+ due to low availability of free bisulphate and sulphate ions (see 
the following reaction scheme). 
2RE3+ + 3HSO4- + xH2O = RE2(SO4)3.xH2O(s) + 3H+  (10.1) 
RE2(SO4)3.xH2O(s) = 2{RE(SO4)}+ + SO42- + xH2O (10.2) 
RE2(SO4)3.xH2O(s) + H+ = 2{RE(SO4)}+ + HSO4-  + xH2O (10.3) 
 
➢ The predominant precipitation of gypsum over lanthanum(III) sulphate was 
beneficial for the dissolution of lanthanum(III) ions in calcium ion containing 
H2SO4 compared that in H2SO4 alone. 
➢ As discussed in the literature review, high temperatures caused a negative impact 
on the solubility of lanthanum(III) in H2SO4, H3PO4 and the mixture of H2SO4 
and H3PO4. 
➢ The rare earth mixed carbonate solids are mainly enriched with light REEs 
(lanthanum, cerium, praseodymium and neodymium). The solubilities of these 
solids in 1 mol L-1 HClO4 are comparatively very high (76.3 g L
-1 at pH = 3.24) 
over those in 1 mol L-1 H2SO4 (49.5 g L
-1) at 40 oC due to the zero effect of 
sulphate ion in the perchlorate system.  




➢ The higher solubility of REEs in solutions of 0.75-1 mol L-1 H2SO4 at 40-80 oC, 
measured in this study agrees with the solubility behaviour of RE(III)-sulphates 
in H2SO4, reported in the literature. 
➢ The formation of inner-sphere sulphate complexes, {M(OSO3)}+ (M = Al, Fe or 
RE) of aluminium, iron(III) and rare earth metal ions in sulphuric acid solutions 
was qualitatively identified under Raman spectroscopic studies which agrees with 
the previous findings about the sulphate complexations. The predominance or 
stability of these inner-sphere complexes follows a descending order in these 
systems based on the areas under the Raman bands observed for complex species: 
Fe3+ > Al3+ > RE3+..  
➢ The formation of {RE(H2PO4)}2+ type phosphate complex can be suggested in 
H3PO4 based on the observed bands supported by the beneficial effect of this 
complexation on the solubility of REEs. 
The highlights of the rotating disc dissolution of FAP (Chapter 8) are listed below: 
➢ It was evident that the low proton activities in weak acids cause a decrease in the 
dissolution rates of calcium in weak acids over strong acids.  
➢ Higher dissolution rates of calcium in HCl, H2SO4 and HNO3 in comparison to  
HClO4 are due to the influence of Cl
-, NO3
- and SO4
2- caused by ion-association 
with Ca2+ ions irrespective of the lower activities of H+ in HCl, H2SO4 and HNO3 
compared to that in HClO4.  
➢  Among weak acids (H3PO4, CH3COOH and C6H8O7), calcium dissolution is high 
in H3PO4, while calcium citrate precipitation decreases the calcium dissolution in 
some solutions of C6H8O7. 
➢  It was observed that the addition of NaCl is significantly beneficial on 
dissolutions of both calcium and REEs in HClO4, H2C2O4, C6H8O7 and 




CH3COOH, but detrimental on those in H2SO4 and H3PO4 due to the composite 
effect of both Na+ and Cl- ions through different ion associations.  
➢ Based on the apparent activation energies, the dissolution mechanisms of calcium 
and phosphate are mainly controlled by a chemically controlled phenomenon in 
strong acids (40-47 kJ mol-1), H3PO4 at 25-50 
oC (49 kJ mol-1) and C6H8O7 (51 kJ 
mol-1), while the dissolution mechanisms of calcium in H3PO4 at 50-90 
oC (21 kJ 
mol-1) and CH3COOH (12 kJ mol
-1) are controlled by a diffusion only 
phenomenon. 
➢ The experimentally obtained reaction orders in HClO4, HCl, HNO3 and H3PO4 for 
the dissolution reactions of calcium with respect to H+ concentration were 0.48, 
0.93, 0.89 and 0.43, respectively.  They can be rationalised by the proposed 
dissolution mechanism for fluorapatite.  
➢ The dissolutions of calcium and phosphate from the FAP disc in some solutions 
of HClO4, H2C2O4, H3PO4, C6H8O7 and CH3COOH obeyed the parabolic rate law 
due to the building up of product layers and the calculated values of proton 
diffusion coefficients (DH+) were in good agreement with the literature data.  
Most of the findings from the rotating disc study (Chapter 8) related to proton activity, 
ion association, precipitation and stoichiometric dissolutions of calcium and phosphate 
are consistent with the findings from particle leaching of FAP and concentrate (Chapter 
9). Important points are listed below:  
➢ The precipitation of gypsum caused low leachability of calcium from FAP, when 
H2SO4 was used as the leaching agent. This agrees with the findings of previously 
published work related to the unsuccessful usage of H2SO4 for selective leaching 
of FAP from FAP bearing rare earth phosphate concentrates.  




➢ Despite the minor leaching efficiencies of calcium from FAP and the concentrate 
in H2C2O4 due to calcium oxalate precipitation, the selective leaching of 
phosphate and fluoride from FAP is possible due to the complete removal of 
phosphate and fluoride during prolonged leaching. Complete removal of 
aluminium and iron from the concentrate can also be achieved by using H2C2O4. 
➢ The leaching efficiencies of calcium, aluminium and iron are relatively low in 
H3PO4 compared to those in strong acids, especially at low concentrations due to 
low proton activity in H3PO4. However, the higher proton activity and the 
formation of fluoride and/or phosphate complexes can lead to higher leaching 
efficiencies at high H3PO4 concentrations.  
➢ The leaching behavior of aluminium and iron(III) from the concentrate obeyed 
shrinking core kinetics in both strong acids and weak acids. It is of interest to note 
that the calculated proton diffusion coefficient for leaching of these two ions in 
H3PO4 is in a reasonable agreement with those calculated for different metal ions 
from different mineral types. 
➢ The precipitation of thorium and uranium in the form of phosphates causes low 
leaching efficiencies in H3PO4 and decrease to < 1% at high acid concentrations 
and high temperatures.  
➢ The precipitation of REEs as rare earth phosphates also decreases the leaching 
efficiencies of REEs from the concentrate in H3PO4 and the results are comparable 
with the leaching efficiencies of REEs in organic acids. The precipitation of REEs 
in the form of RE-oxalates and RE-citrates can also be suggested based on the 
solubility product constants.  
 




➢ Due to the significantly high leaching efficiencies of REEs in strong acids HClO4, 
HCl and HNO3, they are not suitable for the enrichment of the leach residue with 
REEs at the pre-leach stage prior to acid bake or other method of treatment.  
In summary, comparing the leachability of all non-REEs and REEs in both 
inorganic and organic acid types, H3PO4 acid appears to be the most suitable lixiviant in 
the pre-leach process of the concentrate for selective leaching of calcium and some other 
metal ions, especially aluminium and iron leaving uranium, thorium and REEs in the 
residue for further treatment.  
10.2 Recommendations for Future Work 
➢ Identification of the precipitated solid types of thorium and uranium which lead 
to decrease the leaching efficiencies in H3PO4 acid. 
➢ Extension of this work to purify the H3PO4 pre-leach liquor to produce calcium 
phosphate fertilizer and to regenerate H3PO4 using H2SO4 for recycling to the 
pre-leach process. 
➢ Extension of this work to determine the optimum conditions for the leaching of 
the concentrate in phosphoric acid. 
➢ Treatment of the pre-leach residue from phosphoric acid leaching to recover the 
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Appendix 2A (Chapter 2) 




HF2- = HF + F- 0.70a 
HF = H+ + F- 2.91a 
HCOOH + H2O = HCOO- + H3O+ 3.75b 
CH3COOH + H2O = CH3COO- + H3O+ 4.76b 
H2SO4 + H2O = HSO4- + H3O+ -6.62c 
HSO4- + H2O = SO42- + H3O+ 1.99c, 1.92b 
H3PO4 + H2O = H2PO4- + H3O+ 2.12b 
H2PO4- + H2O = HPO42- + H3O+ 7.21b 
HPO42- + H2O = PO43- + H3O+ 12.3b 
H2PO4- = 2H+ + PO43- 19.6d 
H3PO4 = 3H+ + PO43- 21.7d 
CO2(aq) + H2O = H+ + HCO3- 6.37b 
HCO3- = H+ + CO32- 10.3b 
H2C2O4 + H2O = HC2O4- + H3O+ 1.27b 
HC2O4- + H2O = C2O42- + H3O+ 4.27b 
H3C6H5O7 + H2O = H2C6H5O7- + H3O+ 3.13b 
H2C6H5O7- + H2O = HC6H5O72- + H3O+ 4.76b 
HC6H5O72- + H2O = C6H5O73- + H3O+ 6.40b 
NH3+CH2COOH + H2O = NH3+CH2COO- + H3O+  2.3e 
NH3+CH2COO- + H2O = NH2CH2COO- + H3O+  9.6e 
At 25 oC and I = 0 – 1; a. Sillen and Martell (1964); b. Mendham et al. (2007); c. 
http://www.cem.msu.edu/~reusch/OrgPage/acidity.htm); d. Zhang et al. (2012); e. Chang (2005) 
 
 
Table 2A.2.  Stability constants (β) for sodium and potassium ion association reactions 
Reaction 
Log β 
M = Na M = K 
M+ + F- = {NaF}0 -0.24a  
M+ + Cl- = {NaCl}0 -0.60b (-0.74c) -0.51b 
M+ + NO3- = {NaNO3}0 (-0.30 to -0.50)d -0.26
c 
M+ + SO42- = {NaSO4}- 0.70a, 0.65c 0.85
a 
Na+ + H2PO4- = {Na(H2PO4)}0 (I = 0.16) 0.09e 0.07
e 
Na+ + HPO42- = {Na(HPO4)}- (I = 0.16) 0.69e 0.50
e 
Na+ + C2O42- = {Na(C2O4)}- 0.88f 0.71
f 
Na+ + CH3COO- = {Na(CH3COO)}0 -0.11f -0.27
f 
Na+ + C6H7O7- = {Na(C6H7O7)}0 0.25g  
Na+ + C6H6O72- = {Na(C6H6O7)}- 0.60g  
Na+ + C6H5O73- = {Na(C6H5O7)}2- 1.35g 1.42
b 
Unless otherwise mentioned, ionic strength (I) is zero 
a. Nordstrom et al. (1990) or Stumm and Morgan (1996); b. De Robertis et al. (1995); c. 
Högfeldt (1982); d. Sillén and Martell (1964); e. Daniele et al. (1991); f. Daniele et al. (2008); 










M = Ca M = Mg M = Sr 
M2+ + F- = {MF}+ 0.53a (0.94)i 1.82i  
M2+ + Cl- = {MCl}+ 0.43b -0.41c -0.24c 
M2+ + 2Cl- = {MCl2}0 -0.68c   
M2+ + NO3- = {MNO3}+ 0.68a  (0.70b)  0.06a 
M2+ + SO42- = {MSO4}0 2.23a (2.30) i 2.37i 2.29i 
M2+ + H2PO4- = {M(H2PO4)}+ 1.41d   
M2+ + HPO42-  =  {M(HPO4)}0 2.58a 2.74a 1.20j 
M2+ + PO43- + H+ =  {M(HPO4)}0 15.1e   
M2+ + PO43- + 2H+ = {M(H2PO4)}+ 21.0e   
M2++ CH3COO- = {M(CH3COO)}+ 0.93f 0.94f 0.43k 
M2+ + C6H7O7- =  {M(C6H7O7)}+ 1.04g 0.60g  
M2+ + C6H6O72- = {M(C6H6O7)}0 2.03g 1.78g  
M2+ + C6H5O73- = {M(C6H5O7)}- 3.64g 3.63g  
M2+ + C2O42- = {M(C2O4)}0 3.27f 3.58f  
M2+ + CH4NCOO- = {M(CH4NCOO)}+ 2.03h   
M2+ + 2CH4NCOO- = {M(CH4NCOO)2}0 4.97h   
M2+ + 3CH4NCOO- = {M(CH4NCOO)3}- 1.90h   
At 25 oC and ionic strength 0 - 1 
a.  Högfeldt (1982);  b. De Robertis et al. (1995); c. HSC 7.1 database; d. Vereecke and Lemaïtre 
(1990); e. Zhang et al. (2012); f. Daniele et al. (2008); g. Pearce (1980); h. Fazary and Ramadan 
(2014); i. Nordstrom et al. (1990) or Stumm and Morgan (1996); j. Smith and Martell (1976) at 










































Table 2A.4. Stability constants (β) for aluminium and iron(III) ion association reactions  
Reaction Log β 
Al3+ + H2PO4- = {Al(H2PO4)}2+ 3.15a 
Al3+ + 2H2PO4- = {Al(H2PO4)2}+ 5.54a 
Al3+ + HPO42- = {Al(HPO4)}+ 8.81a 
Al3+ + 2HPO42- = {Al(HPO4)2}- 15.8a 
Al3+ + HSO4- = {Al(HSO4)}2+ 0.46
b 
Al3+ + SO42- = {AlSO4}+ 3.02
b 
Al3+ + 2SO42- = {Al(SO4)2}- 4.92
b 
Al3+ + F- = {AlF}2+ 6.13c, 7.0k 
Al3+ + 2F- = {AlF2}+ 11.2c, 12.7k 
Al3+ + 3F- = {AlF3}0 15.0c, 16.8k 
Al3+ + 4F- = {AlF4}- 17.7c 
Al3+ + 5F- = {AlF5}2- 19.4c 
Al3+ + 6F- = {AlF6}3- 19.8c 
Al3+ + C2O42- = {Al(C2O4)}+ 5.97d 
Al3+ + 2C2O42- = {Al(C2O4)2}- 10.93d 
Al3+ + 3C2O42- = {Al(C2O4)3}3- 14.88d 
Al3+ + HC6H5O72- = {Al(HC6H5O7)}+ 11.02e 
Al3+ + C6H5O73- = {Al(C6H5O7)}0 8.35e 
Fe3+ + H2PO4- = {Fe(H2PO4)}2+ 21.8f 
Fe3+ + HPO42- = {Fe(HPO4)}+ 9.00f 
Fe3+ + HSO4- = {Fe(HSO4)}2+ 2.48
b 
Fe3+ + SO42- = {FeSO4}+ 4.04
b 
Fe3+ + 2SO42- = {Fe(SO4)2}- 5.38
b 
Fe3+ + F- = {FeF}2+  5.19g, 6.2l 
Fe3+ + 2F- = {FeF2}+ 9.12g, 10.8l 
Fe3+ + 3F- = {FeF3}0 12.1g, 14l 
Fe3+ + Cl- + H2O = {Fe(H2O)Cl}2+ 1.1h 
Fe3+ + Cl- = {FeCl}2+ 7.6h 
FeCl2+ + Cl- = {FeCl2}+ 1.8h 
Fe3+ + 2Cl- = {FeCl2}+ 11.4h 
Fe3+ + C2O42- = {Fe(C2O4)}+ 7.58i 
Fe3+ + 2C2O42- = {Fe(C2O4)2}- 13.81i 
Fe3+ + 3C2O42- = {Fe(C2O4)3}3- 18.60i 
Fe3+ + HC6H5O72- = {Fe(HC6H5O7)}+ 12.38j 
Fe3+ + C6H5O73- = {Fe(C6H5O7)}0 11.21j 
Ionic strength 0 - 1, 25 oC 
a. Savenko et al. (2005) 
b. Stumm and Morgan (1996) 
c. Hem (1968) 
d. Sjöberg and Öhman (1985) 
e. Gregor and Powell (1986), I = 0.1 
f. Sedlak (1991) 
g. Högfeldt (1982) 
h. Strahm et al. (1979) 
i. Dellien (1977), I = 1  
j. Field et al. (1974), I = 0.1 
k. Nordstrom and May (1996)  













Table 2A.5. Stability constants (β) or equilibrium constants (K) for uranyl and thorium 
ion association reactions 
Reaction Log β or Log K 
UO22+ + HPO42- = {UO2(HPO4)}0 7.2a 
UO22+ + H2PO4- = {UO2(H2PO4)}+ 3.3b 
UO22+ + HPO42- = {UO2HPO4)}0 7.2b 
UO22+ + 2HPO42- = {UO2(HPO4)2}2- 16.2a 
UO22+ + 3H2PO4- = {UO2(H2PO4)3}- 3.8a 
UO22+ + F- = {UO2F}+ 4.54c 
UO22+ + 2F- = {UO2F2}0 7.98c 
UO22+ + 3F- = {UO2F3}- 10.4c 
UO22+ + 4F- = {UO2F4}2- 11.9c 
UO22+ + Cl- = {UO2Cl}+ 0.17d 
UO22+ + NO3- = {UO2NO3}+ 0.3b 
UO22+ + HC6H5O72- = {UO2(C6H5O7)}0 4.23e 
UO22+ + C6H5O73- = {UO2(C6H5O7)} - 7.43e 
2UO22+ + 2C6H5O73- = {(UO2)2(C6H5O7)2}2- 18.9e 
UO22+ + C2O42- = {UO2(C2O4)}0 (I = 0.3) 5.99e 
UO22+ + 2C2O42- = {UO2(C2O4)2}2- (I = 0.1) 11.11e 
UO22+ + 3C2O42- = {UO2(C2O4)3}4- (I = 1) 13.9e 
Th4+ + H3PO4 = {Th(H3PO4)}4+ 1.9f 
Th4+ + H3PO4 = {Th(H2PO4)}3+ + H+ 2.2f 
Th4+ + 2H3PO4 = {Th(H2PO4)2}2+ + 2H+ 3.9f 
Th4+ + 2H3PO4 = {Th(H2PO4H3PO4)}3+ + H+ 4.1f 
Th4+ + F- = {ThF}3+ 7.51a 
Th4+ + 2F- = {ThF2}2+ 13.3a 
Th4+ + 3F- = {ThF3}+ 8.58a 
Th4+ + 4F- = {ThF4}0 20.2a 
Th4+ + Cl- = {ThCl}3+ (I = 1) 0.18c 
Th4+ + NO3- = {ThNO3}3+ (I = 1) 0.67c 
                                                Ionic strength 0 - 1, 25 oC 
a. HSC 7.1 database 
b.Vukovic et al. (2015) 
c. Cotton (2006)  
d. Dargent et al. (2013) 
e. Mompean et al. (2005), I = 0.1 







Table 2A.6. Equilibrium constants for some precipitation reactions 
Reaction pKsp at 25 oC 
Ca2+ + 2F- = CaF2(s) 10.5a 
Ca2+ + SO42- = CaSO4(s) 4.31a 
Ca2+ + SO42- + 2H2O = CaSO4.2H2O(s) 4.50b 
Ca2+ + SO42- + 0.5H2O = CaSO4.0.5H2O(s) 6.51b 
3Ca2+ + 2PO43- = Ca3(PO4)2(s) 31.9c 
Ca2+ + 2UO22+ + 2PO43- + 3H2O = Ca(UO2)2(PO4)2.3H2O(s) 48.4d 
3Ca2+ + 2C6H5O73- + 4H2O = Ca3(C6H5O7)2.4H2O(s) 17.8e 
Ca2+ + C2O42- + H2O = CaC2O4.H2O(s) 8.63f 
Mg2+ + 2F- = MgF2(s) 10.3a 
3Mg2+ + 2PO43- = Mg3(PO4)2(s) 24.0a 
Mg2+ + C2O42- + 2H2O = MgC2O4.2H2O(s) 5.32a 
Sr2+ + 2F- = SrF2(s) 8.36a 
Sr2+ + SO42-  = SrSO4(s) 6.46a 
3Sr2+ + 2PO43- = Sr3(PO4)2(s) 31.0b 
Sr2+ + C2O42- = SrC2O4(s) 7.30a 
Al3+ + PO43- = AlPO4(s) 20.0f, 18.2l 
Fe3+ + PO43- = FePO4(s) 21.9l 
Fe3+ + PO43- + 2H2O = FePO4.2H2O(s) 15.0f 
UO22+ + HPO42- + 3H2O = UO2HPO4.3H2O(s) 13.2g 
3UO22+ +2PO43- + 4H2O = (UO2)3(PO4)2.4H2O(s) 49.4g 
UO22+ + C2O42- + 3H2O = UO2C2O4.3H2O(s) 8.55h 
Th4+ + 2HPO42- + 4H2O = Th(HPO4)2.4H2O(s) 24.5i 
2Th4+ + 2PO43- + HPO42- + H2O  = Th2(PO4)2(HPO4).H2O(s) 66.6j 
3Th4+ + 4PO43- = Th3(PO4)4(s) 79.8k 
a.www.solubilityofthings.com/water/ions_solubility/ksp_chart.php 
b.Olmsted and Williams (2007) 
c. Zumdahl and Decoste (2012) 
d. Gorman-Lewis et al. ( 2009). Autunite: Ca(UO2)2(PO4)2 
e. Ciavatta et al. (2001) 
f. Haynes et al. (2014-2015) 
g. Gorman-Lewis et al. ( 2009). Uranyl hydrogen phosphate: UO2HPO4.3H2O, Uranyl   
orthophosphate: (UO2)3(PO4)2.4H2O 
h. Mompean et al. (2005); 20 oC and I = 0.5 
i. HSC 7.1 database 
j. Clavier et al. (2006) 
k.Bickel and Wedemeyer, 1993 (I = 0.015) 
l. http://www.saltlakemetals.com/SolubilityProducts.htm 
 
Table 2A.7. Equilibrium constants for sodium and potassium ion association reactions 
Reaction Log K at 25 oC 
M = Na M = K 
M+ + HF = {MF}0 + H+ -3.15  
M+ + Cl- = {MCl}0 -0.60, -0.74 -0.51 
M+ + NO3- = {MNO3}0 (-0.30 to -0.50) -0.26 
M+ + HSO4- = {MSO4}- + H+ -1.27 -1.07 
M+ + H3PO4 = {M(H2PO4)}0 + H+ -2.03 -2.05 
M+ + H3PO4 = {M(HPO4)}- + 2H+ -8.64 -8.83 
M+ + CH3COOH = {M(CH3COO)}0 + H+ -4.87 -5.03 
M+ + H2C2O4 = {M(C2O4)}- + 2H+ -4.66 -4.83 
M+ + C6H8O7 = {M(C6H7O7)}0 + H+ -2.88  
M+ + C6H8O7 = {M(C6H6O7)}- + 2H+ -7.29  
M+ + C6H8O7 = {M(C6H5O7)}2- + 3H+ -12.9 -12.9 







Table 2A.8. Equilibrium constants for calcium, magnesium and strontium ion 
association and precipitation reactions 
Reaction 
Log K at 25 oC 
M = Ca M = Mg M = Sr 
M2+ + HF = {MF}+ + H+ -2.38, -1.97 -1.09  
M2+ + Cl- = {MCl}+ 0.43 -0.41 -0.24 
M2+ + 2Cl- = {MCl2}0 -0.68   
M2+ + NO3- = {MNO3}+ 0.68, 0.70  0.06 
M2+ + HSO4- = {MSO4}0 + H+ 0.31, 0.38 0.45 0.37 
M2+ + H3PO4 = {M(H2PO4)}+ + H+ -0.71   
M2+ + H3PO4 = {M(HPO4)}0 + 2H+ -6.75 -6.59 -8.13 
M2+ + CH3COOH = {M(CH3COO)}+ + H+ -3.83 -3.82 -4.33 
M2+ + H2C2O4 = {M(C2O4)}0 + 2H+ -2.27 -1.96  
M2+ + C6H8O7 = {M(C6H7O7)}+ + H+ -2.09 -2.53  
M2+ + C6H8O7 = {M(C6H6O7)}0 + 2H+ -5.86 -6.11  
M2+ + C6H8O7 = {M(C6H5O7)}- + 3H+ -10.6 -10.7  
    
M2+ + 2HF = MF2(s) + 2H+ 4.68 4.48 2.54 
{MF}+ + HF = MF2(s) + H+ 7.06, 6.65 5.57  
M2+ + HF2- = MF2(s) + H+  6.89 6.69 4.75 
M2+ + HSO4- = MSO4(s) + H+ 2.39  4.54 
{MSO4}0 + H2O = MSO4(s) + H2O 2.08, 2.01  4.17 
M2+ + HSO4- + 2H2O = MSO4.2H2O(s) + H+ 2.58   
{MSO4}0 + 2H2O = MSO4.2H2O(s)  2.27, 2.20   
M2+ + HSO4-  + 0.5H2O = MSO4.0.5H2O(s) + H+ 4.59   
{MSO4}0 + 0.5H2O = MSO4.0.5H2O(s) 4.28, 4.21   
3M2+ + 2H3PO4  = M3(PO4)2(s) + 6H+ -11.4 -19.3  
3{M(H2PO4)}+ = M3(PO4)2(s) + 3H+ + H3PO4 -9.27   
3{M(HPO4)}0 = M3(PO4)2(s) + H3PO4 8.85 0.47  
M2+ + H2C2O4  = MC2O4(s) + 2H+   1.76 
M2+ + H2C2O4 + H2O = MC2O4.H2O(s) + 2H+ 3.09   
{M(C2O4)}0 + H2O = MC2O4.H2O(s) 5.36   
M2+ + H2C2O4 + 2H2O = MC2O4.2H2O(s) + 2H+  -0.22  
{M(C2O4)}0 + 2H2O = MC2O4.2H2O(s)  1.74  
3M2+ + 2C6H8O7 + 4H2O = M3(C6H5O7)2.4H2O(s) + 6H+ -10.8   
3{M(C6H7O7)}+ + 4H2O = M3(C6H5O7)2.4H2O(s) + 3H+ + 
C6H8O7 
-4.53   
3{M(C6H6O7)}0 + 4H2O = M3(C6H5O7)2.4H2O(s) + C6H8O7 6.78   
3{M(C6H5O7)}- + 4H2O + 3H+ = M3(C6H5O7)2.4H2O(s) + 
C6H8O7 
21.0   

















Table 2A.9. Equilibrium constants for aluminium and iron(III) ion association and 
precipitation reactions 
Reaction Log K at 25 oC 
M = Al M = Fe 
M3+ + HF = {MF}2+ + H+ 3.22 2.28 
M3+ + 2HF = {MF2}+ + 2H+ 5.38 3.30 
M3+ + 3HF = {MF3}0 + 3H+ 6.27 3.37 
M3+ + Cl- = {MCl}2+ - 7.6 
M3+ + 2Cl- = {MCl2}+ - 11.4 
M3+ + HSO4- = {MSO4}+ + H+ 1.1, 0.46 2.12, 2.48 
M3+ + H3PO4 = {M(H2PO4)}2+ + H+ 1.03 19.7 
M3+ + H3PO4 = {M(HPO4)}+ + 2H+ -0.52 -0.33 
M3+ + H2C2O4 = {M(C2O4)}+ + 2H+ 0.43 2.04 
M3+ + C6H8O7 = {M(C6H6O7)}+ + 2H+ 3.13 4.49 
M3+ + C6H8O7 = {M(C6H5O7)}0 + 3H+ -5.94 -3.08 
   
M3+ + H3PO4 = MPO4(s) + 3H+  -1.63 0.27 
{M(H2PO4)}2+ = MPO4(s) + 2H+ -2.66 -19.4 
{M(HPO4)}+ = MPO4(s) + H+ -1.11 0.60 
M3+ + H3PO4 + 2H2O = MPO4.2H2O (s) + 3H+  -6.63 
{M(H2PO4)}2+ = MPO4.2H2O (s) + 2H+  -26.3 
{M(HPO4)}+ = MPO4.2H2O (s) + H+  -6.30 
Calculated using literature data in in Tables 2A.1, 2A.4 and 2A.6 
 
Table 2A.10. Equilibrium constants for uranium(VI) and thorium(IV) ion association 


























2+ + HF = {UO2F}
+ + H+ 1.63 Th4+ + HF = (ThF)3+ + H+ 4.60 
UO2
2+ + 2HF = {UO2F2}
0 + 2H+ 2.16 Th4+ + 2HF = (ThF2)
2+ + 2H+ 7.48 
UO2
2+ + Cl- = {UO2Cl}








2++ H3PO4 = {UO2 (H2PO4)}
+ + H+ 1.18 Th4+ + H3PO4 = [Th(H3PO4)]
4+ 1.9 
UO2
2++ H3PO4 = {UO2(HPO4)}
0 + 2H+ -2.13 Th4+ + H3PO4 = [Th(H2PO4)]
3+ + H+ 2.2 
UO2
2++ H2C2O4 = {UO2(C2O4)}
0 + 2H+ 0.45 Th4+ + 2H3PO4 = [Th(H2PO4)2]
2+ + 2H+ 3.9 
UO2
2++ C6H8O7 = {UO2(C6H7O7)}
+ + H+ - Th4+ + 2H3PO4 = [Th(H2PO4H3PO4)]
3+ + H+ 4.1 
UO2
2++ C6H8O7 = {UO2(C6H6O7)}
0 + 2H+ -3.66   
UO2
2++ C6H8O7 = {UO2(C6H5O7)}
- + 3H+ -6.86   
    
Ca2+ + 2UO2





































+ + 3H2O = 
UO2HPO4.3H2O(s) + H
+ 
2.69 3Th4+ + 4H3PO4 = Th3(PO4)4(s) + 12H
+ -6.72 
{UO2(HPO4)}
0 + 3H2O = UO2HPO4.3H2O(s)  6.00   
3UO2
2+ + 2H3PO4 + 4H2O = 
(UO2)3(PO4)2.4H2O(s) + 6H
+ 
6.14   
3{UO2(H2PO4)}
+ + 4H2O = 
(UO2)3(PO4)2.4H2O(s) + 3H
+ + H3PO4 
2.60   
3{UO2(HPO4)}
0 + 4H2O = 
(UO2)3(PO4)2.4H2O(s) + H3PO4 
12.5   
UO2
2+ + H2C2O4 + 3H2O = 
UO2C2O4.3H2O(s) + 2H
+ 
3.01   
{UO2(C2O4)}
0 + 3H2O = UO2C2O4.3H2O(s) 2.56   





Appendix 5A (Chapter 5) 
Table 5A.1. Compositions of major elements of precipitated solids in test solutions A, B 
and C saturated with REC-1 
Solid 
sample 
T ( oC) 
Composition (% w/w) 
Moisture Na S La Ce Pr Nd LRE 
A 
40 b 4.471 11.897 4.712 13.434 1.460 4.910 24.516 
60 1.390 4.736 11.856 5.193 14.421 1.589 5.426 26.629 
80 2.596 4.567 11.616 4.948 13.663 1.497 5.121 25.229 
B 
40 6.048 5.432 12.382 4.765 11.587 1.305 5.023 22.68 
60 6.172 5.277 11.884 4.827 11.753 1.318 5.057 22.955 
80 4.385 5.293 12.068 5.089 12.490 1.416 5.435 24.43 
C 
40 9.698 4.848 11.207 4.453 10.632 1.206 4.701 20.992 
60 3.837 3.512 11.014 5.751 14.549 1.532 5.270 27.102 
80 3.757 4.018 10.206 5.570 14.676 1.662 6.039 27.947 










































Figure 5A.1. The TGA and DSC curves of the precipitated solids in lanthanum 
perchlorate in solutions (a) H2SO4+H3PO4, (b) H2SO4+Al(ClO4)3, (c) H2SO4+Fe(ClO4)3, 



















Figure 5A.2. The TGA and DSC curves of precipitated/residual solids in solutions: (a) 
H3PO4, (b) H2SO4+Al(ClO4)3 or Fe(ClO4)3 and (c) H2SO4+NaClO4, saturated using 
anhydrous La2(SO4)3; solutions (d) H3PO4, (e) H2SO4+Fe(ClO4)3 and (f) H2SO4+NaClO4, 













(a) mixture of H2SO4& H3PO4 
 
(b) mixture of H2SO4& H3PO4 
 
(c) Al3+containing H2SO4 
 
(d) Al3+containing H2SO4 
 
(e) Fe3+containing H2SO4 
 
(f) Fe3+containing H2SO4 
 
 
Figure 5A.3. The SEM images and EDS patterns of precipitated solids in lanthanum 








(a) mixture of H2SO4& H3PO4 
 
(b) mixture of H2SO4& H3PO4 
 
(c) Al3+ containing H2SO4 
 
 
(d) Al3+ containing H2SO4 
 
(e) mixture of H2SO4& H3PO4 
 
(f) mixture of H2SO4& H3PO4 
 
(g) Al3+ containing H2SO4 
 
(h) Al3+ containing H2SO4 
 
Figure 5A.4. The SEM images and EDS patterns of solutions; H2SO4+H3PO4 and 





Appendix 6A (Chapter 6) 
Table 6A.1. Composition of metal and non-metal ions in solutions A, B and C, saturated 
with REC-1 solid 
 
Si and K < 0.002 g/L 
 
Table 6A.2. Composition of metal and non-metal ions in solutions A and A without 
added sodium, saturated with REC-2 solid 
 
Si < 0.002 g/L 
 
Table 6A.3. Effect of cumulative addition of HClO4 to solution pre-loaded A(I) 
nth addition of 
0.011 mol HClO4 















Table 6A.4. Effect of cumulative addition of REC-2 to pH adjusted solution pre-loaded 
A(I)a 
No: of additions 
pH 
Concentration (g L-1) 
(n = #) TREEs Na Mg Al P S K Ca Fe 
0 -0.43 19.0 0.07 3.06 12.1 12.5 47.1 0.12 0.45 14.1 
1 -0.18 23.6 0.08 2.77 10.7 11.1 39.2 0.09 0.52 12.4 
2 -0.12 33.2 0.05 2.78 10.4 11.1 39.1 0.07 0.62 12.2 
3 -0.03 40.8 0.04 3.00 11.2 11.2 37.8 0.06 0.78 12.9 
4 -0.05 41.0 0.04 3.23 11.8 11.4 36.3 0.03 0.91 13.6 
5 0.30 35.9 0.05 3.00 10.8 11.3 30.4 0.01 0.89 12.5 
5* -0.24 27.3 0.03 3.28 11.8 11.7 27.9 0.01 0.91 13.7 
a. Variation of solution pH during pH adjustment is shown in Table 5.19; * after keeping overnight without adding 
REC-2 solid; temperature = 40 oC 
 
Table 6A.5. Effect of cumulative addition of HClO4 and REC-2 to solution pre-loaded 
A(II) 
No:of 
additions pH(i) pH(ii) 
Concentration (g L-1) 
(n = #) TREEs Na Mg Al P S K Ca Fe 
0 0.54 0.54 20.9 0.08 3.03 12.1 12.4 48.2 0.11 0.46 14.2 
1 - 0.50 27.6 0.11 2.84 11.2 11.6 44.6 0.1 0.54 12.9 
2 0.36 0.70 34.5 0.07 2.86 11 11.4 45.3 0.07 0.64 12.7 
3 0.65 0.63 40.6 0.06 2.97 11.4 11.3 41.8 0.05 0.78 13.1 
3* 0.55 0.55 33.1 0.03 3.09 11.8 11.9 39.1 0.04 0.74 13.5 
4 0.46 0.04 31.6 0.05 3.01 11.2 11.7 36 0.02 0.79 13.0 
pH(i) was measured after adding HClO4 and pH(ii) was measured after adding REC-2, * after keeping overnight without 
adding HClO4 or REC-2 solid; temperature = 40 oC 
 
Table 6A.6. Effect of temperature on the compositions of pre-loaded A(I) and A(II), 
saturated with REC-2 
Solution T / (oC) 
Concentration (g L-1) 
Na Mg Al P S K Ca Fe LREEs MREEs HREEs TREEs 
Pre-loaded 
A(I) 
40 0.03 3.28 11.8 11.7 27.9 0.01 0.91 13.7 24.0 1.70 1.60 27.3 
60 0.03 3.25 11.3 11.2 23.8 0.05 0.85 12.1 22.1 1.65 1.51 25.7 
80 0.03 3.45 11.9 11.0 21.1 0.06 0.85 12.8 13.6 1.33 1.43 16.3 
Pre-loaded 
A(II) 
40 0.05 3.01 11.2 11.7 36.0 0.02 0.79 13.0 28.1 2.04 1.48 31.6 
60 0.03 3.29 11.7 11.2 27.8 0.05 0.80 12.4 23.4 1.79 1.37 26.6 
80 0.04 3.21 11.4 11.6 26.0 0.05 0.71 12.2 12.5 1.41 1.31 15.2 






Table 6A.7. Effect of cumulative addition of HClO4 and REC-2 to solution B(I) without 
added sodium 
No: of additions 
(n = #) 
pH(i) pH(ii) 
Concentration (g L-1) 
TREEs Na Mg Al P S K Ca Fe 
0 -0.59 -0.59 0.01 0.02 27.13 12.1 3.46 56.4 0.16 0.12 2.15 
1 -0.65 -0.34 7.44 0.06 25.7 11.8 3.28 53.6 0.15 0.26 2.1 
2 -0.42 -0.36 13.7 0.03 24.4 11.7 3.2 50.2 0.12 0.35 2.08 
3 -0.47 -0.41 14.4 0.01 25.2 11.2 3.15 48.4 0.08 0.39 1.99 
4 -0.45 -0.51 11.1 0.02 23.9 12.1 3.15 42.2 0.07 0.49 2.10 
5 -0.52 -0.19 9.88 0.02 24.2 10.8 3.06 39.1 0.06 0.48 1.90 
5* -0.7 -0.70 8.58 0.01 24.8 10.8 3.07 38.9 0.04 0.46 1.90 
6  2.30 25.4 0.05 19.6 0.96 0.16 5.97 0.00 0.97 0.11 
6* 2.35 2.35 31.8 0.04 25.2 0.94 0.03 5.74 0.01 1.27 0.02 
pH(i) was measured after adding HClO4 and pH(ii)was measured after adding REC-2 
* After keeping overnight without adding HClO4 or REC-2 solid. Only REC-2 solid was added at n = 6 stage; 
temperature = 40 oC 
 
 




(n = #) 
pH(i) pH(ii) 
Concentration (g L-1) 
TREEs Na Mg Al S K Ca 
0 0 0 0.01 <0.01 38.8 <0.01 51.8 0.16 0.16 
1 -0.28 -0.26 14.5 0.09 35.5 0.08 46.4 0.14 0.39 
2 -0.4 -0.39 15.1 0.05 34 0.1 41.5 0.11 0.45 
3 -0.49 -0.45 12.4 0.06 35.3 0.08 39.3 0.10 0.50 
4 -0.55 -0.52 10.7 0.08 35 0.08 35.7 0.08 0.55 
5 -0.30 -0.30 8.61 0.01 35.6 0.06 34.9 0.05 0.50 
5* -0.50 -0.50 8.60 0.01 34.9 0.07 34.4 0.05 0.49 
6  0 10.9 0.13 35.2 0.09 18.8 0.03 0.82 
7  1.09 12.4 0.17 34.5 0.10 14.6 0.03 0.89 
8  3.38 12.1 0.07 33.6 0.07 12.9 0.02 0.84 
8*  4.30 11.3 0.03 33.6 0.05 10 0.01 0.84 
8*  5.00 7.78 0.11 32.0 0.04 9.23 0.01 0.41 
8*  5.31 6.71 0.04 29.3 0.03 8.57 0.01 0.35 
pH(i) was measured after adding HClO4 and pH(ii) was measured after adding REC-2. 
* after keeping overnight without adding HClO4 or REC-2 solid. Only REC-2 solid was added beyond n = 6 stage; 











Table 6A.9. Effect of temperature on composition of metal and non-metal ions in 





Concentration (g L-1) 





40 2.30 0.05 24.5 0.82 0.01 5.38 0.01 1.24 0.01 26.3 2.1 2.37 30.7 
60 2.25 0.06 25 0.68 - 5.39 0.04 1.27 0.01 28.5 2.27 2.56 33.3 





40 5.00 0.11 32 0.04 - 9.23 0.01 0.41 - 6.82 0.42 0.55 7.79 
60 4.67 0.05 31.5 0.04 0.01 7.66 0.03 0.4 0.01 6.70 0.39 0.56 7.65 
80 4.28 0.05 31.4 0.01 - 5.88 0.01 0.38 0 1.78 0.25 0.56 2.59 
 
Table 6A.10. Initial compositions and compositions at saturation of derivatives of 




































































































































































































































































































































































































































































































































































































































Table 6A.11. Equilibrium constants for some acid dissociation, ion associations and 
precipitation reactions 
Reaction 
Equilibrium constants (Log K ) 
20 oC 25 oC 40 oC 60 oC 80 oC 
H3PO4 + H2O = H2PO4- + H3O+  -2.14 -2.23 -2.37 -2.55 
HSO4- + H2O = SO42- + H3O+  -1.92 -2.13 -2.42 -2.72 
Al3+ + HSO4- = {Al(HSO4)}2+  0.46    
Fe3+ + HSO4- = {Fe(HSO4)}2+  2.48    
Al3+ + SO42- = {AlSO4}+  3.02    
Fe3+ + SO42- = {FeSO4}+  4.04    
La3+ + HSO4- = {LaSO4}+ + H+ 1.77 1.75 1.68 1.59 1.52 
Ce3+ + HSO4- = {CeSO4}+ + H+ 1.69 1.68 1.64 1.59 1.54 
La3+ + SO42- = {LaSO4}+ 3.62 3.67 3.81 4.01 4.24 
Ce3+ + SO42- = {CeSO4}+ 3.54 3.60 3.77 4.01 4.26 
La3+ + HPO42- = {La(HPO4)}+  4.11    
Ce3+ + HPO42- = {Ce(HPO4)}+  4.32    
La3+ + H2PO4- = {La(H2PO4)}2+  1.79    
Ce3+ + H2PO4- = {Ce(H2PO4)}2+  1.92    
Na+ + La3+ + 2SO42- + H2O = NaLa(SO4)2.H2O(s) 6.8 5.7    
Na+ + Ce3+ + 2SO42- + H2O = NaCe(SO4)2.H2O(s) 8.4     
La3+ + PO43- = LaPO4(s) 







Ce3+ + PO43- = CePO4(s)  26.2    












Appendix 7A (Chapter 7) 
Table 7A.1. Saturated solubility of RE(III) in acids and mixtures of acids and salts 
Solution No. Test solution Initially added salt Temp (oC) 




La2(SO4)3 40 0.05  
Ce2(SO4)3.8H2O 40  0.13 
(iii) H2SO4 
La2(SO4)3 40 0.10  
Ce2(SO4)3.8H2O 40  0.21 
(iv) H3PO4 
La2(SO4)3 40 0.12  
Ce2(SO4)3.8H2O 40  0.04 
(v) H2SO4+H3PO4 
La2(SO4)3 40 0.12  
Ce2(SO4)3.8H2O 40  0.19 
(vii) H2SO4+Al(ClO4)3 
La2(SO4)3 40 0.07  
Ce2(SO4)3.8H2O 40  0.13 
(viii) H2SO4+Fe(ClO4)3 
La2(SO4)3 40 0.09  
Ce2(SO4)3.8H2O 40  0.15 
(ix) H2SO4+Al(ClO4)3+Fe(ClO4)3 
La2(SO4)3 40 0.04  
Ce2(SO4)3.8H2O 40  0.08 
Concentrations: 1.0 mol L-1 (H2SO4, H3PO4) and 0.25 mol L-1  (Al(ClO4)3 and Fe(ClO4)3); data from 





















































40      41.1 
60      30.4 














40 NaRE(SO4)2.H2O   1.24   10.83 
60 NaRE(SO4)2.H2O      6.06 























40 La2(SO4)3.9H2O    4.29   
60 La2(SO4)3.9H2O    4.31   




40     3.43 17.18 
60     2.44 12.34 













40  RE2(SO4)3.nH2O -0.24 5.38 27.3 
60 RE2(SO4)3.nH2O  -0.16 4.95 25.67 













40 RE2(SO4)3.nH2O  0.04 6.12 31.61 
60 RE2(SO4)3.nH2O  0.14 5.09 26.6 













40 NaRE(SO4)2.H2O   3.65   0.42 
60 NaRE(SO4)2.H2O   -   1.04 




















40  La2(SO4)3.9H2O    6.76   
60  La2(SO4)3.9H2O    7.01   







40     5.98 30.73 
60     6.55 33.31 













40  NaRE(SO4)2.H2O   6.05   0.19 
60 NaRE(SO4)2.H2O       11.7 



















40  La2(SO4)3.9H2O     7.63   
60  La2(SO4)3.9H2O     7.61   







40     1.81 7.79 
60     1.79 7.65 
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40 NaRE(SO4)2.H2O   1.24   10.83 
60 NaRE(SO4)2.H2O      6.06 























40 La2(SO4)3.9H2O    4.29   
60 La2(SO4)3.9H2O    4.31   




40     3.43 17.18 
60     2.44 12.34 













40  RE2(SO4)3.nH2O -0.24 5.38 27.3 
60 RE2(SO4)3.nH2O  -0.16 4.95 25.67 













40 RE2(SO4)3.nH2O  0.04 6.12 31.61 
60 RE2(SO4)3.nH2O  0.14 5.09 26.6 













40 NaRE(SO4)2.H2O   3.65   0.42 
60 NaRE(SO4)2.H2O   -   1.04 




















40  La2(SO4)3.9H2O    6.76   
60  La2(SO4)3.9H2O    7.01   







40     5.98 30.73 
60     6.55 33.31 













40  NaRE(SO4)2.H2O   6.05   0.19 
60 NaRE(SO4)2.H2O       11.7 



















40  La2(SO4)3.9H2O     7.63   
60  La2(SO4)3.9H2O     7.61   







40     1.81 7.79 
60     1.79 7.65 








Appendix 8A (Chapter 8) 
Table 8A.1. Dissolution results of calcium and phosphate in strong acids 
 






0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 0.020 0.014 0.055 0.121 0.033 0.020 0.042 0.023
5 0.042 0.031 0.081 0.168 0.057 0.031 0.074 0.042
8 0.062 0.042 0.106 0.199 0.079 0.042 0.097 0.057
10 0.076 0.049 0.131 0.219 0.086 0.048 0.112 0.067
12 0.089 0.056 0.154 0.245
15 0.118 0.068 0.177 0.260 0.114 0.061 0.158 0.090
18 0.128 0.080 0.223 0.300
20 0.141 0.086 0.243 0.298 0.139 0.079 0.203 0.117
22 0.158 0.097 0.239 0.299
25 0.179 0.110 0.281 0.332 0.162 0.090 0.252 0.150
30 0.222 0.131 0.321 0.355 0.192 0.108 0.303 0.179
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 0.098 0.060 0.055 0.050 0.079 0.047 0.085 0.051
5 0.201 0.121 0.135 0.087 0.152 0.092 0.152 0.092
8 0.301 0.180 0.239 0.144 0.228 0.136 0.220 0.136
10 0.359 0.218 0.288 0.169 0.288 0.171 0.273 0.163
12 0.436 0.257 0.334 0.206
15 0.530 0.315 0.429 0.247 0.417 0.244 0.417 0.265
18 0.640 0.387 0.471 0.281
20 0.707 0.431 0.535 0.314 0.562 0.335 0.535 0.325
22 0.751 0.472 0.572 0.339
25 0.850 0.512 0.655 0.392 0.695 0.432 0.670 0.399
30 1.074 0.669 0.757 0.474 0.859 0.521 0.833 0.489
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 0.107 0.072 0.083 0.043 0.115 0.070 0.100 0.063
5 0.284 0.178 0.162 0.098 0.274 0.158 0.197 0.119
8 0.451 0.277 0.266 0.151 0.439 0.261 0.290 0.181
10 0.570 0.354 0.340 0.186 0.518 0.312 0.374 0.230
12 0.747 0.455 0.411 0.225
15 0.896 0.578 0.479 0.293 0.806 0.466 0.583 0.341
18 1.120 0.671 0.619 0.352
20 1.197 0.735 0.681 0.376 1.071 0.622 0.776 0.449
22 1.348 0.820 0.716 0.400
25 1.549 0.926 0.842 0.453 1.365 0.798 0.979 0.565
30 1.852 1.147 1.032 0.592 1.616 0.978 1.187 0.684
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 0.400 0.252 0.165 0.099 0.233 0.133 0.233 0.137
5 0.874 0.564 0.406 0.244 0.626 0.365 0.596 0.346
8 1.439 0.915 0.692 0.378 1.025 0.605 0.937 0.529
10 1.752 1.035 0.863 0.472 1.295 0.780 1.152 0.669
12 2.281 1.311 1.002 0.597
15 2.444 1.472 1.287 0.716 2.000 1.183 1.583 0.896
18 3.000 1.781 1.536 0.895
20 3.926 2.254 1.750 1.004 2.650 1.589 2.275 1.382
22 3.467 2.087 1.717 1.108
25 4.344 2.681 1.918 1.268 3.348 2.027 2.833 1.629
30 5.556 3.345 2.294 1.509 4.040 2.476 3.535 1.955
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 0.956 0.573 0.385 0.245 0.636 0.368 0.515 0.293
5 2.404 1.494 1.001 0.664 1.549 0.923 1.281 0.731
8 3.867 2.384 1.623 1.064 2.548 1.550 2.138 1.247
10 4.011 2.370 2.170 1.417 3.167 1.932 2.620 1.486
12 4.770 2.944 2.569 1.657
15 6.111 3.680 3.280 2.083 4.722 2.939 3.889 2.258
18 7.600 4.645 3.963 2.461
20 9.030 5.572 4.619 2.917 6.157 4.145 5.086 2.936
22 8.667 5.467 5.248 3.078
25 10.200 6.093 6.083 3.622 7.212 4.985 6.182 3.656









































Table 8A.2. Dissolution results of calcium and phosphate in weak acids 
 




0 0 0 0.000 0.000
5 0.04 0.005 0.018 0.023
10 0.06 0.005 0.028 0.034
15 0.09 0.006 0.036 0.039
20 0.11 0.008 0.042 0.054
25 0.15 0.010 0.049 0.045
30 0.15 0.010 0.057 0.050
40 0.19 0.016 0.068 0.059
60 0.26 0.024 0.092 0.081
80 0.33 0.025 0.106 0.092
100 0.38 0.036 0.024 0.124 0.102
120 0.44 0.041 0.146 0.112
0 0.00 0.000 0.000 0.000
5 0.04 0.011
10 0.07 0.013 0.012 0.011
15 0.11 0.017 0.016 0.014
20 0.15 0.021 0.019 0.016
25 0.18 0.023 0.025 0.019
30 0.22 0.026 0.029 0.021
40 0.30 0.032 0.038 0.028
60 0.43 0.045 0.059 0.046
80 0.58 0.058 0.075 0.057
100 0.72 0.068 0.095 0.068
120 0.87 0.080 0.072 0.111 0.079
0 0.00 0.000 0.000 0.000
5 0.05 0.011
10 0.10 0.013 0.006 0.003
15 0.15 0.017 0.009 0.006
20 0.19 0.021 0.015 0.011
25 0.25 0.025 0.019 0.013
30 0.29 0.029 0.023 0.016
40 0.36 0.036 0.052 0.032 0.021
60 0.53 0.053 0.076 0.049 0.035
80 0.69 0.071 0.075 0.071 0.050
100 0.83 0.087 0.097 0.089 0.066
120 0.98 0.104 0.119 0.106 0.079
0 0.00 0.000 0.000 0.000 0.000
5 0.18 0.016 0.025 0.020
10 0.35 0.020 0.050 0.039
15 0.54 0.021 0.080 0.064
20 0.68 0.030 0.114 0.093
25 0.85 0.033 0.027 0.137 0.102
30 1.02 0.033 0.026 0.179 0.131
40 1.28 0.034 0.026 0.236 0.170
60 1.90 0.350 0.251
80 2.31 0.048 0.075 0.459 0.321
100 3.02 0.051 0.073 0.544 0.388
120 3.33 0.054 0.072 0.682 0.499
0 0.00 0.000 0.000 0.000 0.000
5 0.31 0.020 0.087 0.063
10 0.59 0.033 0.028 0.173 0.124
15 0.88 0.045 0.055 0.254 0.191
20 1.18 0.051 0.082 0.334 0.237
25 1.49 0.060 0.080 0.452 0.318
30 1.75 0.069 0.105 0.526 0.392
40 2.40 0.080 0.103 0.656 0.488
60 3.73 0.108 0.152 0.978 0.707
80 5.20 0.129 0.174 1.267 0.917
100 6.61 0.151 0.195 1.640 1.143
120 7.41 0.167 0.215 1.848 1.312
0 0.00 0.000 0.000 0.000 0.000
5 0.47 0.027 0.057 0.182 0.118
10 0.85 0.042 0.056 0.411 0.279
15 1.31 0.056 0.083 0.597 0.413
20 1.63 0.063 0.082 0.819 0.569
25 1.99 0.071 0.107 0.971 0.666
30 2.44 0.084 0.131 1.137 0.786
40 3.00 0.098 0.155 1.476 1.030
60 4.51 0.128 0.203 2.156 1.441
80 5.97 0.158 0.249 2.693 1.886
100 7.37 0.181 0.268 3.208 2.215



























(a) Ca - HCl 
 
(b) P - HCl 
 
(c) Ca - HNO3 
 
(d) P - HNO3 
 
(e) Ca - HClO4 
 










(k) Ca - C6H8O7 
 
(l) P - C6H8O7 
 
Figure 8A.1. Effect of acid concentration on dissolution of calcium and/or phosphate in 
acids at 25 oC; (a-b) HCl, (c-d) HNO3, (e-f) HClO4, (g-h) H2SO4, (i) H3PO4, (j) 





(a) Ca - HCl 
 
(b) P - HCl 
 
(c) Ca - HNO3 
 
(d) P - HNO3 
 
(e) Ca - HClO4 
 
(f) P - HClO4 
 
(g) Ca - H2SO4 
 
(h) P - H2SO4 
 
(i) Ca - H3PO4 
 
(j) Ca - CH3COOH 
 
(k) Ca - C6H8O7 
 
(l) P - C6H8O7 
 
Figure 8A.2. Effect of temperature on dissolution of calcium and/or phosphate in 0.5 mol 
L-1 acids; (a-b) HCl, (c-d) HNO3, (e-f) HClO4, (g-h) H2SO4, (i) H3PO4, (j) CH3COOH 













Figure 8A.3. Dissolution of (a-b) praseodymium and (c-d) neodymium in 0.5 mol L-1 


























Dissolved amounts (mol m-2) Molar ratios 
Ca 
  
P F P/Ca (...)* 
x = 0 x = 0.5 x = 0 x = 0.5 x = 0 x = 0.5 x = 0 x = 0.5 
        
HCl 
5 0.17 0.19 0.10 0.11 -  -  0.59 0.58 
10 0.29 0.35 0.19 0.18 -  -  0.66 0.51 
20 0.58 0.58 0.34 0.34  -  - 0.59 0.59 
30 0.81 0.93 0.49 0.52 -  -  0.60 0.56 
40 1.10 1.15 0.67 0.67 -  -  0.61 0.58 
60 1.76 1.78 1.09 1.04 -  -  0.62 0.58 
120 3.62 3.79 2.20 2.18 0.60 0.58 0.61 (0.17)* 0.58 (0.15)* 
HNO3 
5 0.17 0.18 0.10 0.1 -  -  0.59 0.56 
10 0.32 0.35 0.18 0.18 -  -  0.56 0.51 
20 0.63 0.63 0.38 0.34  -  - 0.60 0.54 
30 0.9 0.88 0.55 0.52 -  -  0.61 0.59 
40 1.24 1.24 0.75 0.75 -  -  0.60 0.60 
60 1.95 1.88 1.20 1.12 -  -  0.62 0.60 
120 3.96 3.79 2.44 2.22 0.69 0.62 0.62(0.17)*7* 0.59 (0.16)* 
HClO4 
5 0.14 0.16 0.09 0.12 -  -  0.64 0.75 
10 0.24 0.37 0.15 0.23 -  -  0.63 0.62 
15 0.27 0.44 0.18 0.29 -  -  0.67 0.66 
20 0.42 0.53 0.26 0.34  -  - 0.62 0.64 
25 0.48 0.63 0.31 0.39 -  -  0.65 0.62 
30 0.57 0.76 0.37 0.46 -  -  0.65 0.61 
40 0.81 1.05 0.49 0.67 -  -  0.60 0.64 
60 1.12 1.67 0.82 1.04 -  -  0.73 0.62 
80 1.55 2.18 0.97 1.38  -  - 0.63 0.63 
100 2.04 2.78 1.24 1.7 -  -  0.61 0.61 
120 2.93 3.61 1.67 2.15 0.41 0.51 0.57 (0.14)* 0.60 (0.14)* 
H2SO4 
5 0.17 0.09 0.11 0.05 -  -  0.65 0.56 
10 0.35 0.14 0.21 0.08 -  -  0.60 0.57 
20 0.66 0.21 0.41 0.11  -  - 0.62 0.52 
30 0.95 0.29 0.58 0.15 -  -  0.61 0.52 
40 1.26 0.38 0.78 0.20 -  -  0.62 0.53 
60 1.97 0.51 1.20 0.27 -  -  0.61 0.53 
120 3.79 0.98 2.22 0.56 0.63 0.16 0.59 (0.17)* 0.57 (0.16)* 
Acid concentration = 0.5 mol L-1; NaCl concentration = x mol L-1 (x = 0 and 0.5); temperature = 25 oC; rotation speed 


















Dissolved amounts (mol m-2) Molar ratios 
Ca  P F P/Ca 
x = 0 x = 0.5 x = 0 x = 0.5 x = 0 x = 0.5 x = 0 x = 0.5 
H3PO4 
5 0.070 0.043 
  
-  -  
  
10 0.093 0.064 
  
-  -  
  
15 0.086 0.092 
  
-  -  
  
20 0.116 0.109 
  
 -  - 
  
25 0.103 0.123 
  
-  -  
  
30 0.114 0.131 
  
-  -  
  
40 0.137 0.160 
  
-  -  
  
60 0.233 0.206 
  
-  -  
  
80 0.318 0.296 
  
 -  - 
  
100 0.408 0.332 
  
-  -  
  
120 0.465 0.394 
 





5 0.039 0.046 0.031 0.031 -  -  0.79 0.69 
10 0.064 0.076 0.049 0.049 -  -  0.76 0.65 
20 0.108 0.119 0.078 0.078  -  - 0.72 0.66 
30 0.145 0.167 0.107 0.101 -  -  0.74 0.61 
40 0.175 0.218 0.128 0.133 -  -  0.73 0.61 
60 0.231 0.353 0.167 0.205 -  -  0.72 0.58 
120 0.291 0.632 0.222 0.378 0.063 0.107 0.76(0.22)* 0.60(0.17)
* 
CH3COOH 
5 0.014 0.021 0.008 0.012 -  -  0.55 0.56 
10 0.021 0.031 0.011 0.019 -  -  0.54 0.60 
15 0.024 0.038 0.014 0.021 -  -  0.60 0.57 
20 0.029 0.041 0.017 0.024  -  - 0.59 0.58 
25 0.030 0.044 0.016 0.026 -  -  0.54 0.58 
30 0.033 0.049 0.018 0.028 -  -  0.55 0.56 
40 0.040 0.056 0.023 0.032 -  -  0.57 0.57 
60 0.051 0.069 0.027 0.041 -  -  0.54 0.59 
80 0.060 0.079 0.033 0.046  -  - 0.56 0.59 
100 0.067 0.090 0.036 0.050 -  -  0.54 0.56 




5 0.028 0.027 0.035 0.031 -  -  1.26 1.17 
10 0.027 0.041 0.034 0.041 -  -  1.26 1.01 
15 0.034 0.047 0.036 0.043 -  -  1.06 0.91 
20 0.038 0.056 0.041 0.044  -  - 1.09 0.80 
25 0.043 0.058 0.042 0.045 -  -  0.98 0.79 
30 0.046 0.064 0.040 0.049 -  -  0.87 0.76 
40 0.052 0.072 0.044 0.052 -  -  0.83 0.73 
60 0.064 0.091 0.052 0.063 -  -  0.81 0.69 
80 0.076 0.103 0.059 0.069  -  - 0.78 0.67 
100 0.084 0.119 0.062 0.077 -  -  0.74 0.65 
120 0.092 0.127 0.067 0.082 0.018 0.021 0.73(0.20)* 0.65(0.16)
* 
Conditions are same as the ones used for strong acids (Table 8A.3) 
















Dissolved amounts / (mmol m-2) 
La Ce Pr Nd 
x = 0 x = 0.5 x = 0 x = 0.5 x = 0 x = 0.5 x = 0 x = 0.5 
HCl 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.53 0.45 0.63 0.53 0.05 0.04 0.18 0.14 
10 0.90 0.84 1.05 1.01 0.09 0.08 0.31 0.27 
20 1.63 1.81 2.01 2.22 0.18 0.19 0.59 0.60 
30 2.35 2.27 2.94 2.84 0.26 0.24 0.86 0.77 
40 3.15 3.03 3.95 3.78 0.35 0.32 1.16 1.03 
60 4.83 4.81 6.13 5.97 0.54 0.50 1.76 1.61 
120 9.77 9.81 12.4 12.3 1.06 1.01 3.40 3.29 
HNO3 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.57 0.45 0.68 0.55 0.06 0.05 0.19 0.16 
10 1.00 0.76 1.18 0.91 0.11 0.08 0.34 0.27 
20 1.84 1.45 2.32 1.75 0.21 0.16 0.68 0.54 
30 2.78 2.10 3.50 2.63 0.32 0.24 1.02 0.80 
40 3.77 3.00 4.81 3.76 0.43 0.34 1.38 1.13 
60 5.95 4.63 7.59 5.80 0.64 0.53 2.17 1.76 
120 12.2 9.62 15.3 12.1 1.31 1.06 4.21 3.56 
HClO4 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.42 0.35 0.51 0.41 0.04 0.04 0.14 0.12 
10 0.67 0.61 0.81 0.72 0.07 0.06 0.23 0.21 
20 1.24 1.38 1.47 1.66 0.13 0.15 0.43 0.49 
30 1.67 1.62 2.06 2.01 0.18 0.18 0.61 0.60 
40 2.18 2.34 2.77 2.92 0.25 0.26 0.82 0.88 
60 3.45 3.49 4.48 4.47 0.40 0.40 1.28 1.33 
120 7.48 8.20 9.51 10.3 0.81 0.90 2.75 3.04 
H2SO4 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.59 0.19 0.71 0.23 0.06 0.02 0.20 0.06 
10 1.10 0.29 1.29 0.36 0.12 0.03 0.38 0.10 
20 1.96 0.52 2.47 0.64 0.23 0.05 0.74 0.17 
30 2.82 0.68 3.61 0.84 0.32 0.07 1.05 0.22 
40 3.79 0.97 4.81 1.17 0.43 0.10 1.40 0.31 
60 5.78 1.44 7.43 1.83 0.66 0.16 2.17 0.49 
120 10.9 2.78 14.1 3.49 1.21 0.29 3.89 0.93 
Acid concentration = 0.5 mol L-1; NaCl concentration = x mol L-1 (x = 0 and 0.5); temperature = 25 oC; rotation speed 












Dissolved amounts / (mmol m-2) 
La Ce Pr Nd 
x = 0 x = 0.5 x = 0 x = 0.5 x = 0 x = 0.5 x = 0 x = 0.5 
H3PO4 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
5 0.218 0.135 0.246 0.153 0.020 0.012 0.069 0.040 
10 0.286 0.195 0.326 0.232 0.028 0.019 0.093 0.059 
20 0.369 0.324 0.432 0.399 0.037 0.032 0.123 0.105 
30 0.446 0.361 0.525 0.410 0.044 0.033 0.150 0.107 
40 0.549 0.441 0.652 0.504 0.056 0.041 0.186 0.130 
60 0.769 0.581 0.905 0.683 0.080 0.055 0.264 0.174 
120 1.464 1.049 1.864 1.232 0.165 0.105 0.539 0.326 
CH3COOH 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
5 0.054 0.061 0.060 0.067 0.005 0.006 0.017 0.018 
10 0.077 0.083 0.086 0.095 0.007 0.008 0.024 0.026 
20 0.100 0.119 0.116 0.138 0.010 0.012 0.033 0.038 
30 0.115 0.154 0.132 0.176 0.012 0.024 0.038 0.055 
40 0.128 0.162 0.150 0.187 0.013 0.016 0.043 0.052 
60 0.157 0.195 0.190 0.228 0.017 0.019 0.054 0.063 
120 0.234 0.272 0.285 0.323 0.025 0.028 0.082 0.089 
H2C2O4 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
5 0.083 0.089 0.092 0.099 0.007 0.008 0.023 0.024 
10 0.159 0.164 0.173 0.185 0.014 0.014 0.046 0.045 
20 0.245 0.283 0.278 0.319 0.023 0.026 0.072 0.080 
30 0.307 0.392 0.347 0.461 0.028 0.038 0.090 0.118 
40 0.347 0.542 0.397 0.644 0.032 0.053 0.103 0.166 
60 0.430 0.862 0.496 1.014 0.040 0.085 0.128 0.269 
120 0.524 1.672 0.602 2.088 0.048 0.175 0.153 0.552 
C6H8O7 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
5 0.080 0.070 0.087 0.085 0.007 0.007 0.024 0.023 
10 0.112 0.182 0.125 0.131 0.010 0.011 0.035 0.035 
20 0.154 0.159 0.173 0.181 0.015 0.015 0.049 0.048 
30 0.211 0.183 0.232 0.217 0.020 0.018 0.066 0.056 
40 0.240 0.218 0.267 0.262 0.023 0.021 0.076 0.067 
60 0.262 0.279 0.295 0.333 0.025 0.027 0.083 0.087 
120 0.376 0.405 0.434 0.456 0.038 0.038 0.123 0.118 
Acid concentration = 0.5 mol L-1; NaCl concentration = x mol L-1 (x = 0 and 0.5); temperature = 25 oC; rotation speed 






(a) Ca - HCl 
 
(b) P - HCl 
 
(c) Ca - HNO3 
 
(d) P - HNO3 
 
(e) Ca - CH3COOH 
 
(f) P- CH3COOH 
 
(g) Ca - H3PO4 
 
Figure 8A.4. Effect of NaCl on dissolution of calcium and phosphorous in acids at 25 oC; 





(a) La - HCl 
 
(b) Ce - HCl 
 
(c) La – HNO3 
 
(d) Ce – HNO3 
 
(e) La – CH3COOH 
 
(f) Ce – CH3COOH 
 
(g) La – H3PO4 
 
(h) Ce – H3PO4 
 
Figure 8A.5. Effect of NaCl on dissolution of lanthanum and cerium in acids at 25 oC; (a-





(a) HNO3 and H2SO4 
 
(b) HCl and HClO4 
 





Figure 8A.6. Effect of acid concentration/temperature on correlations between dissolved 
calcium and phosphorous in (a) HNO3 and H2SO4 at 25 
oC, (b) 0.5 mol L-1 HCl and 
HClO4, (c) C6H8O7 at 25 





Figure 8A.7. Correlation between dissolved calcium and fluoride in all strong acids 











Figure 8A.8. Correlation between dissolved calcium and fluoride in (a) H3PO4 and 










Figure 8A.9. Correlation of dissolved calcium in (a) 0.1 mol L-1, (b) 0.5 mol L-1 and (c) 

















Figure 8A.10. Effect of NaCl for correlation between dissolved calcium and phosphate 






































Figure 8A.11. Correlation of dissolved calcium and phosphate in NaCl containing acids 
and NaCl free acids at 25 oC;  (a-b) HClO4, (c-d) HCl, (e-f) HNO3, (g-h) H2SO4, (i) 

















Figure 8A.12. Parabolic plots for dissolution of calcium and/or phosphorous(V) in (a) 


























Figure 8A.13. Parabolic plots for dissolutions of REEs in (a, b, c and d) H2C2O4 and (e, 














Figure 8A.14. Parabolic plots for dissolutions of REEs in CH3COOH; (a) lanthanum, 
(b) cerium, (c) praseodymium and (d) neodymium at 25 oC 
 
Table 8A.7. Slopes of parabolic plots  
Acid 













(mol  m-2 min-1/2) 
Slopes of parabolic plots 
(mmol  m-2 min-1/2) 
Ca P La Ce Pr Nd 
HClO4 0.1 0 25 0-10 0.039      
HClO4 0.1 0 25 0 - 30  0.068     
H3PO4 0.1 0 25 0 - 15 0.021      
H3PO4 0.5 0 25 0 - 15 0.026      
H3PO4 0.5 0.5 25 0 - 30 0.024      
C6H8O7 0.1 0 25 0 – 20  0.010      
C6H8O7 0.1 0 25 0 – 120  0.010     
C6H8O7 0.5 0 25 0 - 120 0.008  0.035 0.04 0.0034 0.011 
C6H8O7 0.5 0.5 25 0 - 120 0.012  0.035 0.04 0.0034 0.011 
H2C2O4 0.5 0 25 0 - 120 0.027 0.020 0.05 0.06 0.005 0.02 
H2C2O4 0.5 0.5 25 0 - 20 0.025 0.016 0.05 0.06 0.005 0.02 
CH3COOH 0.5 0 25 0 - 120 0.007 0.004 0.021 0.025 0.002 0.007 
CH3COOH 0.5 0.5 25 0 - 120 0.009 0.005 0.026 0.030 0.0025 0.0082 
CH3COOH 0.5 0 50 0 - 120 0.005      
CH3COOH 0.5 0 70 0 - 30 0.0113      
CH3COOH 0.5 0 90 0 - 20 0.014      



















period   
(min) 
kCa or P  
(10-6 mol2 m-4 s-1) 
kREEs   
(10-11 mol2 m-4 s-1) 
Ca P La Ce Pr Nd 
HClO4 0.1 0 0.68 25 0-10 25.3      
HClO4 0.1 0 0.68 25 0 - 30  77.1     
H3PO4 0.1 0 1.42 25 0 - 15 7.35      
H3PO4 0.5 0 0.85 25 0 - 15 11.3      
H3PO4 0.5 0.5  25 0 - 30 9.60      
C6H8O7 0.1 0 1.8 25 0 – 20  1.35      
C6H8O7 0.1 0 1.8 25 0 – 120  1.66     
C6H8O7 0.5 0 1.44 25 0 - 120 1.07  2.04 2.67 0.02 0.20 
C6H8O7 0.5 0.5  25 0 - 120 2.40  2.04 2.67 0.02 0.20 
H2C2O4 0.5 0 0.75 25 0 - 120 12.2 6.67 4.17 6.00 0.04 0.67 
H2C2O4 0.5 0.5  25 0 - 20 10.4 4.27 4.17 6.00 0.04 0.67 
CH3COOH 0.5 0 2.28 25 0 - 120 0.82 0.27 0.74 1.04 0.007 0.08 
CH3COOH 0.5 0.5  25 0 - 120 1.35 0.42 1.13 1.50 0.01 0.11 
CH3COOH 0.5 0  50 0 - 120 0.42      
CH3COOH 0.5 0  70 0 - 30 2.13      
CH3COOH 0.5 0  90 0 - 20 3.27      
kx = parabolic rate constant of x (x = Ca, P or REEs); data from Table 8A.7 
 
Table 8A.9. Measured pH values in different solutions 
Acid Concentration 
(mol L-1) 
pH at 25 oC Acid Concentration 
(mol L-1) 
pH at 95 oC 
H3PO4 0.1 1.42 CH3COOH 1.3 1.84 
H3PO4 0.5 0.85 C6H8O7 1.3 0.67 
H3PO4 1 0.55 H2C2O4 1.3 -0.1 
HCl 0.1 0.84 HCOOH 1.3 1.17 
HCl 0.5 0.05 C2H5NO2 1.3 4.89 
HCl 1 -0.23    
HClO4 0.1 0.68    
HClO4 0.5 -0.27    
HClO4 1 -0.54    
CH3COOH 0.1 2.7    
CH3COOH 0.5 2.28    
CH3COOH 1 2.1    
C6H8O7 0.1 1.8    
C6H8O7 0.5 1.44    
C6H8O7 1 1.01    
H2C2O4 0.1 1.2    
H2C2O4 0.5 0.75    
H2C2O4 1 0.52    

























Figure 8A.15. The Arrhenius plots for dissolutions of calcium and/or phosphate in (a) 
HCl, (b) HNO3, (c) HClO4, (d) H2SO4, (e) H3PO4, (f) CH3COOH (calcium only) and  (g) 















Figure 8A.16. Variation of initial dissolution rates of calcium and/or phosphate with H+ 
concentrations at 25 oC; (a) HCl, (b) HNO3, (c) HClO4 and (d) H2SO4  
 
 
Figure 8A.17. Solubility variations of calcium citrate tetrahydrate (Ca3(C6H5O7)2.4H2O) 
and calcium citrate hexahydrate (Ca3(C6H5O7)2.6H2O) with temperature in water (data 







➢ Calculating Proton Diffusion Coefficient Based on Parabolic Dissolution 
Behaviors 







where, kCa = parabolic rate constant for calcium dissolution (mol
2 m-4 s-1), [H+] = 
concentration of H+ in acids (mol m-3), DH+ = diffusion coefficient of H+ (m2 s-1), Ca = 
density of calcium in FAP (g m-3), MCa = molar mass of calcium (40 g mol
-1) and a = 
stoichiometric coefficient based on the reaction: Ca from FAP + aH+ = products  
 
















Where, ρFAP = density of fluorapatite (3.18 g cm-3) 
 
Considering natural logarithm relationship in Equation 8A.1, y = mx + c type equation 
can be obtained as follows. 
Log {kCa} = Log{[H











Using an intercept of Figure 8.26b,  
2(DH+) Ca
(MCa)x a
=  10−6.88 mol m−1 s−1 (8A.4) 
 
Substituting following values to Equation 8A.2; 
ρFAP = 3.18 x 10
6 g m-3;  







(3.18 x 106) x 34.9  
100 x 40






Ca + 2H+ = product from equation, Ca5(PO4)3F + 10HX = 5CaX2 + 3H3PO4 + HF and 
hence a = 2 





and a = 2 to Equation 8A.4 gives 
DH+ of calcium as 4.75 x 10













Appendix 9A (Chapter 9) 



























































1.3 60 5 4 0.238 0.019 0.008 0.017 0.01 2.13 
1.3 75 5 4 0.262 0.017 0.011 0.022 0.008 2.00 
1.3 95 5 4 0.287 0.017 0.015 0.029 0.009 1.93 




1.3 60 5 4 0.342 0.015 0.008 0.017 0.014 2.13 
1.3 75 5 4 0.35 0.015 0.011 0.022 0.011 2.00 
1.3 95 5 4 0.332 0.016 0.017 0.03 0.011 1.76 






1.3 60 5 4 0.275 0.017 0.007 0.016 0.018 2.29 
1.3 75 5 4 0.284 0.017 0.01 0.021 0.016 2.10 
1.3 95 5 4 0.334 0.017 0.014 0.027 0.01 1.93 







2.28 60 5 4 0.321 0.027 0.008 0.012   1.50 
2.28 75 5 4 0.321 0.02 0.016 0.019 0.01 1.19 
2.28 95 5 4 0.277 0.015 0.019 0.024 0.005 1.26 
1.72 95 5 4 0.257 0.015 0.018 0.022 0.012 1.22 
3.25 95 5 4 0.386  0.018 0.019 0.027 0.007 1.42 
4.55 95 5 4 0.355 0.019  0.022 0.03 0.008 1.36 
4.8 95 10 4 0.684   0.043 0.059 0.008 
1.37 




































































Leached percentages (%) 















46.4 0.89 3.02 2.16 2.20 2.75 









36.6 0.30 2.29 1.51 1.64 1.91 









1.37 1.24 2.93 2.41 2.60 2.80 









42.1 4.00 4.30 4.25 4.40 4.82 









- 0.30 3.30 2.20 2.30 2.30 









0.10 0.20 7.50 5.20 5.80 7.40 







0.18 0.33 4.31 3.01 3.33 3.80 





















53.4 30.0 35.3 46.1 42.4 45.3 









(0.011) 66.0 34.0 45.8 57.9 53.2 56.0 









66.2 26.6 52.3 61.5 57.0 58.6 
























46.2 26.0 33.1 43.5 39.8 42.2 









60.2 32.3 46.2 58.2 53.5 56.0 









60.9 23.7 51.2 61.2 55.8 57.6 

























38.6 21.6 28.5 34.7 34.0 35.7 









44.5 24.7 36.4 42.6 41.6 42.9 









45.4 23.5 42.1 46.6 45.8 46.4 
















1.30 95 5 









4.76 0.01 1.77 2.26 1.74 2.30 









5.18 0.01 2.12 2.69 2.10 2.77 


















1.30 95 5 









6.52 0.06 1.46 1.12 1.48 2.05 









10.8 0.43 3.53 2.90 3.43 4.76 

















1.30 95 5 









23.6 0.18 2.68 2.58 2.61 4.11 









25.1 0.21 2.56 2.24 2.41 3.68 

















1.30 95 5 









2.57 0.54 0.25 0.12 0.07 0.06 









9.96 0.51 0.26 0.12 0.07 0.05 


















1.30 95 5 









2.07 0.00 0.03 0.02 0.04 0.06 









2.82 0.01 0.09 0.09 0.14 0.22 









5.15 0.13 0.62 0.75 0.88 1.29 






Table 9A.3(a). Comparison of initial rates of non-REEs in fluorapatite and concentrate 












































Initial rates / (mol m-2 s-1) 







0.1 25 - 1.9E-04 1.0E-03         
0.5 25 - 4.4E-04 2.7E-04         
0.5 50 - 1.4E-03 8.3E-04         
0.5 70 - 3.7E-03 2.3E-03         
1 25 - 5.6E-04 3.2E-04         
FAP 
particles 
1.3 95 5 1.3E-04 8.1E-05     2.3E-07 3.0E-07 




1.3 60 5 1.7E-06 9.8E-07 3.1E-07 4.2E-08 1.9E-08 1.0E-07 
1.3 75 5 2.4E-06 1.3E-06 2.2E-07 7.0E-08 3.4E-08 8.4E-08 
1.3 95 5 2.3E-06 1.2E-06 1.7E-07 1.1E-07 5.4E-08 7.0E-08 





0.1 25 - 1.2E-04 7.5E-05         
0.5 25 - 5.9E-04 3.6E-04         
0.5 50 - 3.0E-03 1.8E-03         
0.5 70 - 6.7E-03 4.1E-03         
0.5 90 - 1.4E-02 8.8E-03         
1 25 - 1.0E-03 6.2E-04         
FAP 
particles 
1.3 95 5 1.3E-04 8.0E-05     1.4E-07 2.8E-07 




1.3 60 5 2.7E-06 1.5E-06 2.4E-07 4.8E-08 2.3E-08 1.5E-07 
1.3 75 5 2.6E-06 1.5E-06 2.0E-07 7.0E-08 3.6E-08 9.0E-08 
1.3 95 5 3.0E-06 1.6E-06 1.5E-07 1.1E-07 5.7E-08 7.3E-08 







0.1 25 - 1.2E-04 6.3E-05         
0.5 25 - 4.7E-04 2.9E-04         
0.5 50 - 2.2E-03 1.4E-03         
0.5 70 - 4.9E-03 3.4E-03         
1 25 - 9.0E-04 5.3E-04         
FAP 
particles 
1.3 95 5 1.3E-04 7.6E-05     1.4E-07 2.8E-07 




1.3 60 5 2.2E-06 1.2E-06 2.5E-07 4.4E-08 2.1E-08 1.3E-07 
1.3 75 5 2.2E-06 1.2E-06 2.1E-07 7.1E-08 3.5E-08 1.0E-07 
1.3 95 5 2.4E-06 1.3E-06 1.5E-07 1.1E-07 5.1E-08 8.3E-08 






 FAP disc 
0.1 25 - 1.7E-04 1.0E-04         
0.5 25 - 4.6E-04 2.7E-04         
0.5 50 - 1.9E-03 1.1E-03         
0.5 70 - 4.2E-03 2.4E-03         
1 25 - 6.5E-04 3.8E-04         
FAP 
particles 








0.1 25  - 9.2E-05           
0.5 25  - 1.2E-04           
0.5 50 -  5.7E-04           
0.5 70  - 9.8E-04           
0.5 90  - 1.4E-03           
1 25  - 1.6E-04           
FAP 
particles 
2.28 95 5 7.6E-05           





2.28 60 5 1.9E-06   3.0E-07 2.8E-08 1.8E-08   
2.28 75 5 2.2E-06   2.5E-07 5.8E-08 4.5E-08 9.3E-08 
2.28 95 5 1.9E-06   1.9E-07 7.6E-08 6.6E-08 7.0E-08 
1.72 95 5 1.8E-06   1.7E-07 8.1E-08 6.3E-08 1.2E-07 
3.25 95 5 2.7E-06   2.4E-07 1.0E-07 7.7E-08 7.7E-08 
4.55 95 5 2.6E-06   2.3E-07 1.1E-07 8.8E-08 7.8E-08 
4.8 95 10 4.9E-06     1.9E-07 1.6E-07 1.1E-07 






Table 9A.3(b). Comparison of initial rates of non-REEs in fluorapatite and concentrate 











































Initial rates / (mol m-2 s-1) 







0.1 25 -               
0.5 25 -               
0.5 50 -               
0.5 70 -               
1 25 -               
FAP particles 
1.3 95 5 1.3E-06     4.5E-07       





1.3 60 5 8.4E-09 2.4E-09 1.8E-08 1.0E-08 8.2E-09 1.6E-09 2.4E-10 
1.3 75 5 1.0E-08 3.0E-09 2.3E-08 7.2E-09 1.2E-08 1.7E-09 2.5E-10 
1.3 95 5 1.2E-08 3.7E-09 2.8E-08 7.8E-09 1.1E-08 1.3E-09 1.9E-10 





0.1 25 -               
0.5 25 -               
0.5 50 -               
0.5 70 -               
0.5 90 -               
1 25 -               
FAP particles 
1.3 95 5 1.1E-06     4.4E-07       




1.3 60 5 9.1E-09 2.6E-09 1.9E-08 9.1E-09 1.4E-08 1.6E-09 2.3E-10 
1.3 75 5 9.9E-09 3.0E-09 2.2E-08 8.9E-09 1.4E-08 1.8E-09 2.4E-10 
1.3 95 5 1.1E-08 3.5E-09 2.6E-08 1.0E-08 1.5E-08 2.0E-09 2.9E-10 







0.1 25 -               
0.5 25 -               
0.5 50 -               
0.5 70 -               
1 25 -               
FAP particles 
1.3 95 5 9.5E-07     3.9E-07       




1.3 60 5 8.5E-09 2.7E-09 1.8E-08 7.2E-09 1.3E-08 1.3E-09 1.8E-10 
1.3 75 5 1.0E-08 3.1E-09 2.3E-08 7.6E-09 1.2E-08 1.4E-09 1.9E-10 
1.3 95 5 1.1E-08 3.6E-09 2.7E-08 7.3E-09 1.4E-08 1.3E-09 1.8E-10 








0.1 25 -               
0.5 25 -               
0.5 50 -               
0.5 70 -               
1 25 -               








0.1 25  -               
0.5 25  -               
0.5 50 -                
0.5 70  -               
0.5 90  -               
1 25  -               
FAP particles 
2.28 95 5               





2.28 60 5 1.1E-08   1.4E-08 6.9E-09 8.7E-09 1.8E-10 1.7E-10 
2.28 75 5 8.7E-09   2.3E-08 8.7E-09 5.7E-08 1.3E-10 1.8E-10 
2.28 95 5 1.0E-08   2.3E-08 7.4E-09 8.9E-08 9.1E-11 1.7E-10 
1.72 95 5 8.9E-09   2.7E-08 7.5E-09 1.0E-08 6.7E-11 1.8E-10 
3.25 95 5 1.1E-08   2.8E-08 6.7E-09 1.2E-08 2.0E-10 2.5E-10 
4.55 95 5 1.0E-08   3.0E-08 9.6E-09 1.4E-08 1.3E-09 1.1E-10 
4.8 95 10 1.9E-08   5.3E-08 1.7E-08 9.2E-08 7.0E-10 2.1E-10 






















































Initial rates / (mol m-2 s-1) 
La Ce Pr Nd 
HClO4 
FAP disc 
0.1 25 -         
0.5 25 - 1.0E-06 1.3E-06 1.1E-07 3.7E-07 
0.5 50 -         
0.5 70 -         
1 25 -         
FAP particles 
1.3 95 5 6.7E-08 1.4E-07   6.1E-08 
3.25 95 5         
Concentrate 
particles 
   
1.3 60 5 1.0E-08 3.0E-08 3.7E-09 1.0E-08 
1.3 75 5 1.1E-08 3.2E-08 3.8E-09 1.0E-08 
1.3 95 5 8.4E-09 2.5E-08 2.9E-09 8.0E-09 
3.25 95 5 1.4E-08 3.9E-08 4.7E-09 1.2E-08 
HCl 
FAP disc 
0.1 25 -         
0.5 25 - 1.4E-06 1.7E-06 1.5E-07 4.7E-07 
0.5 50 -         
0.5 70 -         
0.5 90 -         
1 25 -         
FAP particles 
1.3 95 5 2.5E-08 4.8E-08   2.0E-08 
3.25 95 5         
Concentrate 
particles 
   
1.3 60 5 8.8E-09 2.7E-08 3.2E-09 8.8E-09 
1.3 75 5 9.0E-09 2.8E-08 3.3E-09 8.8E-09 
1.3 95 5 1.1E-08 3.3E-08 3.8E-09 1.0E-08 
3.25 95 5 1.7E-08 4.3E-08 5.1E-09 1.8E-08 
HNO3 
FAP disc 
0.1 25 -         
0.5 25 - 1.7E-06 2.1E-06 1.8E-07 5.8E-07 
0.5 50 -         
0.5 70 -         
1 25 -         
FAP particles 
1.3 95 5 5.0E-09  8.0E-09   5.0E-09   




1.3 60 5 7.1E-09 2.1E-08 2.6E-09 7.0E-09 
1.3 75 5 8.0E-09 2.3E-08 2.8E-09 7.7E-09 
1.3 95 5 9.8E-09 2.3E-08 2.8E-09 7.6E-09 
3.25 95 5 1.8E-08 4.6E-08 5.6E-09 2.0E-08 
H2SO4 
FAP disc 
0.1 25 -         
0.5 25 - 1.5E-06 2.0E-06 1.7E-07 5.5E-07 
0.5 50 -         
0.5 70 -         
1 25 -         
FAP particles 1.62 95 5          
H3PO4 
FAP disc 
0.1 25  -         
0.5 25  - 7.3E-07 8.2E-07 7.0E-08 2.3E-07 
0.5 50 -          
0.5 70  -         
0.5 90  -         
1 25  -         
FAP particles 
2.28 95 5         





2.28 60 5 1.9E-09 3.0E-09 5.1E-10 2.3E-09 
2.28 75 5 1.0E-09 2.2E-09 2.3E-10 1.2E-09 
2.28 95 5 8.7E-10 1.9E-09 2.3E-10 1.1E-09 
1.72 95 5 5.8E-10 1.2E-09 1.1E-10 6.1E-10 
3.25 95 5 2.1E-09 3.8E-09 5.2E-10 1.6E-09 
4.55 95 5 5.2E-09 1.2E-08 1.5E-09 6.3E-09 
4.8 95 10 4.3E-09 9.0E-09 1.1E-09 5.4E-09 







Table 9A.3(d). Initial rates* and pKa of major non REEs in concentrate in different 
acids 
Acid 
pKa  pH  
 (95 oC) 
Initial rates / (mol m-2 s-1) 
25 oC 95 oC Ca P  Si F Al Fe 
HClO4   
 2.30E-06 1.20E-06 7.00E-08 1.70E-07 1.10E-07 5.40E-08 
HCl    3.00E-06 1.60E-06 7.30E-08 1.50E-07 1.10E-07 5.70E-08 
HNO3   
 2.40E-06 1.30E-06 8.30E-08 1.50E-07 1.10E-07 5.10E-08 
HCOOH 3.7  1.2 7.18E-08 1.84E-08 2.15E-08 5.99E-09 1.35E-08 3.67E-09 














-0.1 1.05E-08 6.82E-07 1.60E-07 2.10E-07 7.85E-08 8.49E-08 
C2H5NO2 2.5  4.9 1.72E-08 1.07E-10 2.79E-09 8.15E-10 1.17E-10 2.01E-10 
* Calculated using data at leaching period of 0-10 min and BET surface area of concentrate (3.94 m2/g);  
Conditions: acid concentration = 1.30 mol/L-1 (all acids), temperature = 95 oC, 5% (w/w) solid and rotation speed = 
1100 rpm. (pKa values from HSC 7.1 database and https://www.zirchrom.com/organic.htm) 
 





 (95 oC) 
Initial rates / (mol m-2 s-1) 
25 oC 95 oC Na K Mg Sr S Th U 
HClO4 
   
1.20E-08 3.70E-09 2.80E-08 7.80E-09 1.10E-08 1.30E-09 1.90E-10 
HCl 
   
1.10E-08 3.50E-09 2.60E-08 1.00E-08 1.50E-08 2.00E-09 2.90E-10 
HNO3 
   
1.10E-08 3.60E-09 2.70E-08 7.30E-09 1.40E-08 1.30E-09 1.80E-10 
HCOOH 3.7  1.2 5.27E-09 2.26E-08 7.90E-09 6.35E-10 6.18E-10 3.56E-13 2.06E-11 














-0.1 6.17E-09 4.19E-08 2.34E-08 1.54E-09 7.92E-09 4.30E-11 7.09E-11 
C2H5NO2 2.5  4.9 6.83E-09 1.36E-08 3.30E-09 1.28E-10 3.31E-09 2.85E-13 3.06E-12 
* Calculated using data at leaching period of 0-10 min and BET surface area of concentrate (3.94 m2/g);  
Conditions: acid concentration = 1.30 mol/L-1 (all acids), temperature = 95 oC, 5% (w/w) solid and rotation speed = 






















Table 9A.3(f). Initial rates* and pKa of major REEs in concentrate in different acids 
Acid 
pKa  pH  
 (95 oC) 
Initial rates / (mol m-2 s-1) 
25 oC 95 oC La Ce Pr Nd 
HClO4    8.40E-09 2.50E-08 2.90E-09 8.00E-09 
HCl    1.10E-08 3.30E-08 3.80E-09 1.00E-08 
HNO3    9.80E-09 2.30E-08 2.80E-09 7.60E-09 
HCOOH 3.7  1.2 1.45E-10 2.37E-10 2.01E-11 5.62E-11 














-0.1 7.25E-11 8.07E-11 6.68E-12 1.49E-11 
C2H5NO2 2.5  4.9 2.21E-12 3.90E-12 6.09E-13 2.29E-12 
* Calculated using data at leaching period of 0-10 min and BET surface area of concentrate (3.94 m2/g);  
Conditions: acid concentration = 1.30 mol/L-1 (all acids), temperature = 95 oC, 5% (w/w) solid and rotation speed = 
1100 rpm. (pKa values from HSC 7.1 database and https://www.zirchrom.com/organic.htm) 
 
 
Table 9A.3(g). Initial rates* of non-REEs/REEs in fluorapatite in different acids 
Acid 
pKa  pH  
 (95 
oC) 
Initial rates / (mol m-2 s-1) 
25 oC 95 oC Ca P  Si Fe Na Sr La Ce Nd 
HClO4    1.3E-04 8.1E-05 3.0E-07 2.3E-07 1.3E-06 4.5E-07 6.7E-08 1.4E-07 6.1E-08 
HCl    1.3E-04 8.0E-05 2.8E-07 1.4E-07 1.1E-06 4.4E-07 2.5E-08 4.8E-08 2.0E-08 









3.2E-05 2.9E-05     
   
HCOOH 3.7  1.2 3.8E-06 2.4E-06        














0.7 1.5E-05 8.2E-06     










-0.1 6.0E-08 1.7E-05     
   
C2H5NO2 2.5  4.9 1.5E-07 6.0E-08        
* Calculated using data at leaching period of 0-10 min and BET surface area of FAP (0.1244 m2/g); acid concentrations 














Stoichiometric Acid Concentration Required to React with FAP Samples 







-) type acid  
 
Pulp density = 5 % solids (w/w) 
 
Volume of dilute acid in reactor = 0.8 L  
 
 
Assuming the solution has a specific gravity of 1, then it can be assumed that the 
solution has a mass of 800 g. 
Based on a pulp density of 5% w/w solid; 
 




m (solid) required 
800g solution
 
m(solid) required =  
5
95
× 800 = 42.11 g 
 
i.e. 5% w/w solid introduces 42.11 g of solid to 800 mL of leach solution  
 
 
General chemical reaction:  Ca5(PO4)3F + 10HX = 5CaX2 + 3H3PO4 + HF 
 
Moles of FAP = 
42.11 g
504.1 g/mol
= 0.0835 mol 
 
Moles of HX for stoichiometric reaction =  0.0835 mol × 10 = 0.835 mol 
 
The stoichiometric concentration of HX acid to react with FAP = 
0.835 mol
0.8 L
= 1.04 mol L−1   
 
 
(ii) The calculation for H3PO4 acid  
 
 
General chemical reaction:  Ca5(PO4)3F + 7H3PO4 = 5Ca(H2PO4)2 + HF 
 
Moles of H3PO4 for stoichiometric reaction =  0.0835 mol ×  7 = 0.5845 mol 
 



















Stoichiometric Acid Concentration Required to React with Concentrate 
Non-REEs and 
REEs 
Na Mg Al Si P S F* K Ca Fe Sr Th 
Mass % 0.17 0.54 2.46 9.05 10.8 0.07 1.75 0.58 27.9 2.68 0.23 0.45 
Molar mass of each 
element 
23 24 27 28 31 32 19 39 40 56 87.6 232 
Moles of each 
element (= 
Mass/Molar mass)  














Na3PO4 MgCO3 AlPO4         K3PO4   FePO4 SrCO3 Th3(PO4)4 
No. of moles of 
these compounds 










Non-REEs and REEs La Ce Pr Nd Sm Eu Gd Tb Dy 
Mass % 0.97 2.28 0.28 0.73 0.08 0.03 0.06 0.01 0.02 
Molar mass of each element 138.9 140.1 140.9 144.2 150.4 151.9 157.2 158.9 162.5 
Moles of each element (= Mass/Molar 
mass)  
0.007 0.016 0.002 0.005 0.001 0.000 0.000 0.000 0.000 
Different compounds of elements in 
Concentrate (assumed) 
LaPO4 CePO4 PrPO4 NdPO4 SmPO4 EuPO4 GdPO4 TbPO4 DyPO4 





























-) type acid  
 
  
   












REPO4 (from LaPO4 to DyPO4)   0.032 3 0.095 
M3PO4 (Na3PO4 + K3PO4)   0.007 3 0.022 
MPO4 (AlPO4 + FePO4)   
0.139 3 0.417 
Th3(PO4)4   
0.003 12 0.031 
MCO3   
0.023 2 0.045 
Ca5(PO4)3F  
No. of Ca5(PO4)3F moles = 
(Mass of F/Molar mass of F) 
0.092 10 0.921 
Ca2(SiO4)  
No. of Ca2(SiO4) moles = (Total 
No. of Ca moles - No. of moles 
of Ca as Ca5(PO4)3F)/2 
0.118 4 0.474 
Total No. of HX moles required to react with 100 g 
of solid   
    2.005 
Stoichiometric acid concentration required to 
react with 42.11 g (5% w/w) of solid (= (Total No. 
of HX moles required to react with 42.11 g of 
solid)/(solution volume used in reactor in L) 
  
    1.055 





(ii) The calculation for H3PO4 acid  
 
 













REPO4 (from LaPO4 to DyPO4)   0.032 2 0.063 
M3PO4 (Na3PO4 + K3PO4)   0.007 2 0.015 
MPO4 (AlPO4 + FePO4)   
0.139 2 0.278 
Th3(PO4)4   
0.003 8 0.021 
MCO3   
0.023 2 0.045 
Ca5(PO4)3F  
No. of Ca5(PO4)3F moles = 
(Mass of F/Molar mass of F) 
0.092 7 0.645 
Ca2(SiO4)  
No. of Ca2(SiO4) moles = (Total 
No. of Ca moles - No. of moles 
of Ca as Ca5(PO4)3F)/2 
0.118 4 0.474 
Total No. of H3PO4 moles required to react with 
100 g of solid   
    1.540 
Stoichiometric acid concentration required to 
react with 42.11 g (5% w/w) of solid (= (Total No. 
of H3PO4 moles required to react with 42.11 g of 
solid)/(solution volume used in reactor in L) 
  






































Leaching efficiency (%) 
Ca P Na Fe Sr La Ce Nd F 
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Table 9A.5. Leaching efficiency of calcium, phosphate and fluoride from FAP in 
organic acids 
Acid Leaching time  
(min) 
Leaching efficiency (%) 
Ca P F 
HCOOH 10 3.32 4.36   
20 3.49 4.36   
30 3.54 4.36   
60 3.54 4.51   
120 3.66 4.51   
240 3.60 4.51   
480 4.22 5.12   
1440 5.57 6.62 4.15 
CH3COOH 10 1.24 1.66   
20 1.35 1.66   
30 1.35 1.66   
60 1.35 1.66   
120 1.35 1.66   
240 1.41 1.66   
480 1.52 1.81   
1440 2.03 2.11 1.16 
H2C2O4 10 0.05 31.6   
20 0.06 36.1   
30 0.06 37.6   
60 0.06 42.2   
120 0.06 49.7   
240 0.06 66.2   
480 0.07 97.9   
1440 0.08 100 100 
C6H8O7 10 13.0 15.0   
20 13.5 16.5   
30 13.5 16.5   
60 14.1 16.5   
120 14.1 18.0   
240 14.1 16.5   
480 14.6 18.0   
1440 16.9 21.1 14.5 
Glycine 10 0.13 0.11   





30 0.13 0.12   
60 0.14 0.12   
120 0.15 0.12   
240 0.15 0.12   
480 0.18 0.14   
1440 0.24 0.23 0.16 






Table 9A.6. Leaching efficiency of non-REEs from concentrate in inorganic acids 
  Leaching 
time / 
(min) 
Leaching efficiency (%) 
HCl HNO3 HClO4 H3PO4 
1.30c 3.25c 1.30c 3.25c 1.30c 3.25c 1.72c 2.28c 3.25c 4.55c 
Ca 10 100 100 80.7 100 76.6 84.6 69.3 72.9 91.3 98.2 
20 88.5 100 76.9 100 64.6 96.6 65.9 74.9 90.3 100 
30 88.5 100 75.8 100 72.4 100 72 75.7 100 100 
60 89.2 100 100 100 68 100 - 78.2 100 100 
120 84.9 100 84.1 100 64.6 100 61.9 82.5 100 100 
240 90.2 100 90.7 100 78.2 100 78.4 84.8 100 100 
P 10 100 100 87.8 100 79 86.7         
20 92.9 100 85.2 100 70.9 94.5  -  -  -  - 
30 89.4 100 86 100 76.9 100  - -   -  - 
60 92.6 100 100 100 72.7 100  -  -  -  - 
120 90.8 100 93.3 100 69.2 100 -   -  -  - 
240 92.1 100 95.3 100 79.8 100  -  -  -  - 
F 10 37.8 32 39.6 33.5 44.5 33.1 42.5 48.3 60.4 58.7 
20 33.7 26.4 37.9 31.9 42.2 25 45.9 42.3 52.6 53.3 
30 33 27.8 34.7 30.1 33.9 25.6 42.9 39.1 49.5 50.9 
60 31.1 26.1 32.7 29.3 32.4 26.4 0 36.9 43.9 43.2 
120 30.9 25.1 33.2 30.2 32.6 23.9 36.9 34.9 38.8 39.6 
240 33.6 29.3 35.6 32.6 35.6 28.9 30.9 30.2 38 39 
Fe 10 28.2 41.8 25.3 32.5 26.6 29.4 31.4 32.8 37.9 43.8 
20 33.4 51.1 30.4 35.4 32.3 35.1 35.8 42.7 44.1 51.8 
30 39.7 65.4 34.3 43 37 40.7 43 47.3 51.9 53.9 
60 48.8 67.5 39.2 55.4 42.9 54.4 _- 55.4 58.2 65.3 
120 57.7 77.2 49.8 64.3 54.9 65.7 52.2 64 61.6 75.6 
240 67 84.2 53.6 81.3 59.6 80.4 70.9 75.7 74.5 86.7 
Al 10 28.6 35.2 28.4 36.1 28.7 33 23 21.6 26.5 29.9 
20 34.3 38.8 34.2 39.3 35.7 37.2 25.6 27.1 30.5 35 
30 40.9 48.9 38.3 46.9 40.6 42.8 31 30.2 36.4 36.8 
60 47.1 52.6 42.6 56.1 45.5 53.4 _- 35.1 41.3 45.9 
120 53.8 63.5 52.4 60.5 57.1 62.3 36.4 42.5 44.3 56.4 
240 62.1 73.8 55.5 75 60.1 76.4 50.7 54.9 57 69.5 
Si 10 5.38 7.09 6.05 7.21 5.12 4.43 8.76 5.1 5.61 5.69 
20 5.87 6.74 8.55 7 4.92 3.90 11.5 6.01 5.02 5377 
30 6.25 7.34 8.69 7.66 4.62 3.79 13.1 5.44 5.13 5.35 
60 6.32 4.73 7.66 6.34 4.21 3.66   6.12 4.68 5.39 
120 5.97 3.47 8.84 4.81 5.63 3.17 13.2 3.66 4.16 5.32 
240 6.29 2.12 6.12 4.26 5.02 2.81 7.3 3.06 4.10 4.44 
Th 10 25 62.9 16.2 70.3 16 41.4 0.73 0.68 2.46 14.5 
20 26.6 58.8 17.6 72.5 15.7 41.1 0.5 0.3 1.5 10.4 
30 26.1 58.8 18.1 76 25.5 40.6 0.4 0.3 0.9 7 
60 27.1 50.8 19.1 79.3 24 42.6 _- 2.2 0.5 2.9 
120 24.6 50.2 18.5 77.5 22.4 46.4 1.2 0.4 0.3 0.9 





U 10 56 67.6 35.6 68.1 37.8 54.3 32.4 31.2 49.5 20.4 
20 58.5 46 37.8 70.8 35.9 52.9 34.2 21.1 44.5 10.9 
30 57.7 36.6 38 74.8 57.8 52.4 35.2 11.1 37.2 5 
60 61.3 23.9 38.6 78 54.3 54.3 _- 3.6 37.1 1.1 
120 57.1 19.7 36.5 76.5 52.7 59.1 37.2 0.4 39.6 0.2 
240 66.2 26.3 45.5 78.9 60.9 52 42.1 1.4 49.6 0.1 







Table 9A.7. Leaching efficiency of REEs from concentrate in inorganic acids 
  Leaching 
time / 
(min) 
Leaching efficiency (%) 
HCl HNO3 HClO4 H3PO4 
1.30c 3.25c 1.30c 3.25c 1.30c 3.25c 1.72c 2.28c 3.25c 4.55c 
La 10 37.1 54.1 33 59.8 28.4 40.1 1.81 2.58 7.1 17.0 
20 39.8 54.4 30.4 59.8 27.5 39.6 1.6 2.2 5.5 15.4 
30 40.3 59.7 31.1 64.2 44 40 1.5 2.1 4.2 13.9 
60 43.8 61.9 33.2 70.1 42.8 43.2 _- 3.8 3.7 11.7 
120 42.9 64.7 32.2 72.5 42.8 49.8 2.1 2.4 3.3 9.6 
240 52.3 68.5 42.2 76.8 51.2 46.9 4.3 2.9 3.3 7.5 
Ce 10 48.3 61.2 33.5 65.7 36.7 48.2 1.69 2.36 5.56 16.5 
20 51.1 60.7 36 64.9 35.2 46.7 1.3 1.8 4.1 14.2 
30 50.9 66.5 36.6 69.4 55.6 46.2 1.3 1.6 3 12.1 
60 54 68.4 38.2 74.8 53.5 49.4 _- 3.5 2.5 9.2 
120 51.9 71.5 36.7 77.7 52.3 55.3 1.8 1.8 2.2 7.1 
240 61.5 74.3 46.6 83 61.2 50.8 4.3 2.4 2.2 5.2 
Pr 10 45.6 61.8 33.7 67.7 34.7 47.5 1.7 2.5 6.2 18.0 
20 48.0 61.0 36.2 67.8 33.1 45.4 1.4 2.0 4.4 15.6 
30 47.3 66.5 36.3 71.7 52.1 44.6 1.4 1.9 3.3 13.5 
60 50.2 68.6 37.9 76.8 49.1 47.8 - 3.7 2.8 10.4 
120 48.2 71.5 36.0 77.7 48.1 53.1 1.9 2.0 2.4 8.0 
240 57.0 72.9 45.8 82.5 55.8 49.4 4.4 2.6 2.3 5.8 
Nd 10 48.5 61.6 35.6 67.7 37.6 50.2 2.08 3.23 7.71 21.6 
20 50.9 60.6 38 66.4 35.4 47.7 1.7 2.5 5.5 18.9 
30 50.3 65.6 38 70.5 55.6 46.7 1.7 2.3 4 16.7 
60 52.8 67 39.2 75.5 51.8 49.7 _- 4.2 3.2 13.3 
120 50.3 69.1 37 75.9 50 54.9 2.2 2.3 2.7 10.2 
240 58.6 71.8 46.4 79.7 57.6 50 4.8 2.8 2.6 7.4 






































































Leached percentages (%) 











10 2.57 1.25 1.54 1.91 1.72 3.8 3.37 0 0.42 0.29 0.2 0.23 
20 2.47 1.03 1.87 2.66 2.33 5.02 3.15 0.01 0.84 0.94 0.81 1.09 
30 2.13 0.84 1.96 3.06 2.76 5.95 4.31 0.01 1.17 1.37 1.14 1.52 
60 3.16 1.06 2.01 2.7 2.77 5.83 4.19 0.01 1.28 1.57 1.28 1.67 
120 3.23 1.02 2.18 2.89 3.42 6.85 4.3 0.03 1.5 1.9 1.49 1.97 
240 3.66 0.94 2.25 2.9 3.92 7.66 4.76 0.01 1.77 2.26 1.74 2.3 
480 4 0.88 2.44 3.2 4.73 9.13 5.18 0.01 2.12 2.69 2.1 2.77 









1.3 95 5 
10 1.27 0.2 0.56 0.19 0.63 0.85 2.54 0 0.19 0.13 0.19 0.28 
20 1 0.17 0.61 0.41 0.87 1.14 2.86 0.01 0.28 0.21 0.29 0.41 
30 1.27 0.14 0.64 0.64 1.15 1.37 2.85 0 0.33 0.25 0.35 0.49 
60 1.4 0.09 0.73 0.81 1.29 1.51 3.84 0.01 0.57 0.47 0.65 0.91 
120 1.54 0.05 0.84 1.06 1.61 1.9 5.26 0.02 0.95 0.8 1.04 1.44 
240 1.6 0.02 1.12 1.82 2.34 3.01 6.52 0.06 1.46 1.12 1.48 2.05 
480 2.04 0.01 2.06 3 2.82 4.15 10.82 0.43 3.53 2.9 3.43 4.76 








1.3 95 5 
10 12.61 11.08 8.25 9.71 5.28 9.51 11.39 1.11 4.9 8.19 5.87 8.04 
20 14.68 12.12 9.44 14.42 7.53 13.24 12.81 0.31 3.83 6.25 4.45 6.52 
30 14.35 11.42 10.23 18.62 9.14 16.88 16.09 0.23 3.82 5.96 4.42 6.6 
60 19.95 15.08 12 19.9 7.76 18 19.14 0.18 3.24 4.29 3.52 5.64 
120 22.27 16.32 14.51 24.61 6.88 21.56 21.07 0.16 2.77 3.07 2.87 4.58 
240 25.45 18.57 18.25 33.52 7.20 29.65 23.6 0.18 2.68 2.58 2.61 4.11 
480 26.72 19.07 22.88 39.55 6.93 34.69 25.05 0.21 2.56 2.24 2.41 3.68 








1.3 95 5 
10 0.38 46.39 53.95 44.29 12.78 22.11 11.59 0.46 0.21 0.1 0.07 0.06 
20 0.38 43.9 52.54 57.52 13.61 29.52 6.1 0.51 0.24 0.1 0.07 0.06 
30 0.43 45.28 50.6 68.23 14.60 36.27 3.65 0.51 0.21 0.09 0.06 0.05 
60 0.32 41.21 46.79 85.16 15.11 50.21 2.35 0.55 0.21 0.09 0.06 0.05 





240 0.46 50.92 37.09 95.48 12.30 67.64 2.57 0.54 0.25 0.12 0.07 0.06 
480 0.54 54.53 35.42 100 7.82 83.83 9.96 0.51 0.26 0.12 0.07 0.05 









1.3 95 5 
10 0.61 0.01 0.21 0.11 0.22 0.03 0.5 0 0.01 0 0.01 0.01 
20 0.66 0 0.23 0.13 0.28 0.04 0.6 0 0 0 0 0.01 
30 0.73 0 0.22 0.16 0.31 0.04 0.75 0 0.01 0 0.01 0.01 
60 0.74 0 0.22 0.2 0.40 0.05 1.02 0 0.01 0.01 0.01 0.01 
120 0.81 0 0.24 0.24 0.48 0.2 1.29 0 0.01 0.01 0.01 0.02 
240 0.82 0 0.27 0.26 0.64 0.04 2.07 0 0.03 0.02 0.04 0.06 
480 0.91 0 0.3 0.31 0.80 0.05 2.82 0.01 0.09 0.09 0.14 0.22 
1440 1.15 0.01 0.38 0.52 1.12 0.1 5.15 0.13 0.62 0.75 0.88 1.29 













Figure 9A.1. The log-log plot of initial rates of non-REEs/REEs and (a-b) concentration 
of H+ in H3PO4 for concentrate, (c) concentration of H
+ in HClO4, HCOOH, CH3COOH 
and H2C2O4 for concentrate and (d) concentration of H
+ in HClO4, HCOOH, 
CH3COOH and C6H8O7 for FAP particles (H
+ concentrations in weak acids based on 









(a) F in 1.30 mol L-1 C6H8O7 
 
(b) La in 1.30 mol L-1 HCOOH 
 
(c) Al in 1.72 mol L-1 H3PO4 
 
(d) Al in 2.28 mol L-1 H3PO4 
 
(e) Al in 3.25 mol L-1 H3PO4 
 
(f) Al in 4.55 mol L-1 H3PO4 
 
(g) Fe in 1.72 mol L-1 H3PO4 
 
(h) Fe in 2.28 mol L-1 H3PO4 
 
(i) Fe in 3.25 mol L-1 H3PO4 
 
 
(j) Fe in 4.55 mol L-1 H3PO4 
 
Figure 9A.2(a). Applicability of shrinking core and sphere models for leaching of (a) 
fluoride, (b) lanthanum(III), (c-f) aluminium and (g-j) iron from concentrate in different 





(a) Al in 1.30 mol L-1 HCl 
 
(b) Al in 3.25 mol L-1 HCl 
 
(c) Al in 1.30 mol L-1 HNO3 
 
(d) Al in 3.25 mol L-1 HNO3 
 
(e) Al in 1.30 mol L-1 HClO4 
 
(f) Al in 3.25 mol L-1 HClO4 
 
(g) Fe in 1.30 mol L-1 HCl 
 
(h) Fe in 3.25 mol L-1 HCl 
 
(i) Fe in 1.30 mol L-1 HNO3 
 
(j) Fe in 3.25 mol L-1 HNO3 
 
(k) Fe in 1.30 mol L-1 HClO4 
 
(l) Fe in 3.25 mol L-1 HClO4 
 
Figure 9A.2(b). Applicability of shrinking core and sphere models for leaching of (a-f) 
aluminium and (g-l) iron from concentrate in different strong acids (see figure captions) 





(a) Al in 1.30 mol L-1 CH3COOH 
 
(b) Fe in 1.30 mol L-1 CH3COOH 
 
(c) U in 1.30 mol L-1 CH3COOH 
 
(d) U in 1.30 mol L-1 C2H5NO2 
 
Figure 9A.2(c). Applicability of shrinking core and sphere models for leaching of (a) 
aluminium, (b) iron and (c-d) uranium from concentrate in organic acids (see figure 
captions) at 95 oC 
 














Ca F Al Fe  U La 
Concentrate HCl 
1.30 0 - 30   2.4E-03 2.2E-03   
3.25 0 - 30   3.5E-03 6.7E-03   
Concentrate HNO3 
1.30 0 - 30   2.2E-03 1.7E-03   
3.25 0 - 30   3.3E-03 2.7E-03   
Concentrate HClO4 
1.30 0 - 30   2.4E-03 2.0E-03   
3.25 0 - 30   2.8E-03 2.4E-03   
Concentrate H3PO4 
1.72 0 - 30   1.3E-03 2.7E-03   
2.28 0 - 30   1.3E-03 3.5E-03   
3.25 0 - 30   1.8E-03 4.2E-03   
4.55 0 - 20   2.6E-03 6.4E-03   
Concentrate C6H8O7 
1.30 0 - 1440  3E-05     
1.30 0 - 240   1E-04 2E-04   
Concentrate H2C2O4 
1.30 0 - 60   1.8E-03    
1.30 0 - 60    7.7E-03   
Concentrate CH3COOH 1.30 0 - 1440   1E-06 7E-07 9E-06  
Concentrate C2H5NO2 1.30 0 - 1440     6E-07  
Concentrate CH3COOH 1.30 0 - 30      1E-06 








Calculating Proton Diffusion Coefficient based on Shrinking Core Model 
Shrinking core model:  
1 − 3(1 − X)2 3⁄ +  2(1 − X) =  (
6[H+]bulkDH+
ρr2(1 − ε)
) t = kap1t (9A.1) 
 
where, X = the fraction of M dissolved after time t (s), kap1  = apparent rate constant (s
-
1), [H+]bulk = concentration of H
+ ions in bulk solution (mol m-3), ρ = molar density of 
the dissolving metal in the initial particle (mol m-3), DH+ = diffusion coefficient of H+ 
through the product layer (m2 s-1), r = initial particle radius (m), 𝝴 = porosity of the solid 
and ki = intrinsic rate constant of the surface reaction (m s
-1).  
 
Then the two terms DH+  and  ρ are given by: 






ρ =  
ρFAP or REPC  x % of a metal in the feed material
100 x molar mass of that metal
 (9A.3) 
 
Considering the natural logarithmic relationship of Reaction 9A.2 to obtain y = mx + C 
type equation (Equation 9A.4): 
Log {kap1} = Log {[H






Considering the intercept of the logarithmic plot of apparent rate constant and H+ 








=  10−7.12 𝑚3 𝑚𝑜𝑙−1 𝑠−1  (9A.5) 
 
ρREPC = 2.0 x 10
6 g m-3;  
% of Al in the concentrate = 2.46% (w/w) and hence 
ρ =  
(2.0 x 106) x 2.46  
100 x 27
 mol m−3 = 1822 mol m−3 
 
Assumed that ε  is zero for the calculation. Substituting calculated value of ρ and r = 
82.5 x 10-6 m (based on P80 value) to Equation 9A.5 gives 
DH+ of aluminium as 1.57 x 10
-13 m2 s-1 
 





165 µm (P80) 100 µm 50 µm 10 µm 
Al in 
concentrate 
1.57 x 10-9 5.76 x 10-10 1.44 x 10-10 5.76 x 10-12 
Fe in 
concentrate 
8.83 x 10-10 3.24 x 10-10 8.10 x 10-11 3.24 x 10-12 
Calculated using different particle sizes in 
6DH+
ρr2(1−ε)






















































Na 0.051 0.033 0.019 0.052 0.029 0.023 0.052 
Mg 0.272 0.122 0.086 0.208 0.112 0.103 0.215 
Al 0.855 0.596 0.249 0.845 0.472 0.362 0.834 
Si 3.656 0.155 3.396 3.551 0.161 3.606 3.767 
P 4.717 4.237 0.161 4.398       
S 0.146 0.038 0.004 0.042 0.029 0.008 0.037 
K 0.171 0.027 0.131 0.158 0.021 0.147 0.168 
Ca 9.518 9.131 0.287 9.418 8.288 0.657 8.945 
Fe 1.150 0.843 0.147 0.990 0.740 0.278 1.018 
Sr 0.120 0.114 0.011 0.125 0.157 0.029 0.186 
Th 0.257 0.159 0.094 0.253 0.001 0.314 0.315 
U 0.014 0.015 0.003 0.018 0.001 0.017 0.018 
La 0.518 0.349 0.139 0.488 0.021 0.533 0.554 
Ce 1.247 0.612 0.321 0.933 0.029 1.280 1.309 
Pr 0.126 0.117 0.033 0.150 0.004 0.134 0.138 
Nd 0.476 0.312 0.116 0.428 0.013 0.498 0.511 
* Sum of leached amounts in all liquors (withdrawn liquor samples at different time intervals, washed liquors and 
final liquor); ** Sum of un-leached amounts in all solid residues; Leach conditions; 3.25 mol L-1 acids, 5% (w/w), 95 
oC and1100 rpm;  





























% leached based on 
solution and feed 
assays 
% leached based on 
solution and residue 
assays 
% leached based on 
solution and feed 
assays 
% leached based on 
solution and residue 
assays 
Na 64.7 63.5 56.9 55.8 
Mg 44.9 58.7 41.2 52.1 
Al 69.7 70.5 55.2 56.6 
Si 4.24 4.36 4.40 4.27 
P 89.8 96.3     
S 26.0 90.5 19.9 78.4 
K 15.8 17.1 12.3 12.5 
Ca 95.9 97.0 87.1 92.7 
Fe 73.3 85.2 64.3 72.7 
Sr 95.0 91.2 100 84.4 
Th 61.9 62.8 0.39 0.32 
U 100 83.3 7.14 5.56 
La 67.4 71.5 4.05 3.79 
Ce 49.1 65.6 2.33 2.22 
Pr 92.9 78.0 3.17 2.90 
Nd 65.5 72.9 2.73 2.54 
Leach conditions; 3.25 mol L-1 acids, 5% (w/w), 95 oC and1100 rpm; Large discrepancies of values of “S” can be due 
to an analytical error and further investigation is needed  
 
 
Calculating percentage leached of a species from a feed material 
 
(𝐢) 𝐏𝐞𝐫𝐜𝐞𝐧𝐭𝐚𝐠𝐞 𝐥𝐞𝐚𝐜𝐡𝐞𝐝 𝐛𝐚𝐬𝐞𝐝 𝐨𝐧 𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧 𝐚𝐧𝐝 𝐟𝐞𝐞𝐝 𝐚𝐬𝐬𝐚𝐲𝐬 = (
𝐋𝐞𝐚𝐜𝐡𝐞𝐝 𝐚𝐦𝐨𝐮𝐧𝐭
𝐅𝐞𝐞𝐝 𝐚𝐦𝐨𝐮𝐧𝐭
)  𝐱 𝟏𝟎𝟎  
 
(ii) Percentage leached based on solution and residue assays = (
Leached amount
Leached amount + Unleached amount 









Figure 9A.3. XRD patterns of solid residues of concentrate obtained using 3.25 mol L-1 
H3PO4 at 95 
oC at different time intervals (a); (i) 1 hr, (ii) 2 hrs and (iii) 4 hrs and 
comparison with standard patterns (b); solid residues at (i) 1 hr, (ii) 2 hrs and (iii) 4 hrs,  
(iv) silicon dioxide (00-001-0649), (v) cheralite (00-033-1095), (vi) britholite-La (00-
013-0106), (vii) kainosite-Y (00-014-0332) and (viii) calcium fluoride (00-004-0864)  










Figure 9A.4. XRD patterns of solid residues of concentrate obtained using 3.25 mol L-1 
HCl at different time intervals (a); (i) 1 hr, (ii) 2 hrs and (iii) 4 hrs and comparison with 
standard patterns (b); solid residues at (i) 1 hr, (ii) 2 hrs and (iii) 4 hrs, (iv) silicon dioxide 
(00-001-0649), (v) cheralite (00-033-1095), (vi) britholite-La (00-013-0106), (vii) 









                     (b) 
 
Figure 9A.5. Comparison of XRD patterns of solid residues (SR) obtained using 1.30 mol 
L-1 organic acids with standard patterns: (a) FAP, cheralite, monazite-Ce and calcium 










Table 9A.11. Enthalpy change of some precipitation reactions 
Reaction Enthalpy change, ΔH  
(kJ mol-1) 
Reference 
Ca2+ + F- = CaF2(s) -1221 Gardner and 
Steadman (1968) 
UO22+ + HPO42- + 3H2O = UO2HPO4.3H2O(s) -3223 Shvareva et al. 
(2012) 3UO22+ +2PO43- + 4H2O = (UO2)3(PO4)2.4H2O(s) -2334 
Th4+ + 2HPO42- = Th(HPO4)2(s) -3189 Bickel and 
Wedemeyer (1993) Th4+ + 2HPO42- + 2H2O = Th(HPO4)2.2H2O(s) -4477 
2Th4+ + 2PO43- + HPO42- + H2O  = 
Th2(PO4)2(HPO4).H2O(s) 
-5640 Qin et al. (2017) 
Data at 25 oC and 1 atm 
 
